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ABSTRACT 
Moisture is one of the primary factors connected with the damage observed on the 
envelope of buildings. The moisture states are normally dominated by moisture 
transport processes within and between porous building materials from rain 
penetration, rising damp or infiltration of water vapour that is normally 
accompanied with heat transfer. The research into moisture transport behaviour of 
building materials is extremely important for the characterisation of behaviour in 
connection with durability, waterproofing, degradation of appearance and thermal 
performance ofbuilding elements. 
In the first stage of this research, commercial gypsum plasters were 
experimentally investigated with their moisture transport specifications. The 
hydraulic parameters including sorptivity, saturated conductivity and permeability 
of water vapour were determined with new findings related with the dependence 
of hydraulic parameters on water/plaster ratios, wetting-drying cycles and 
additives. The results obtained were compared with other porous building 
materials and recommendations for their manufacture and selection in building 
construction were made. 
Secondly, on the basis of comprehensive investigations o.f the dielectric properties 
of gypsum plasters, an integrated automatic real-time monitoring system for 
moisture transport processes was designed and successfully developed utilising a 
pin-type resistance sensor and sensor array. The data acquisition, data analysis, 
result display and saving are all integrated with the computer controlled interface. 
The polarisation effects and temperature effects for various gypsum plaster 
materials were compensated and realised by control options. The monitoring 
system developed for moisture monitoring was directly applied in !-dimension 
moisture transport processes and can easily be extended to the monitoring of 2 or 
3 dimension moisture transport processes by embedding an appropriate sensor 
array into materials. 
In the third part of the research, on the basis of experimental investigation of 
water absorption processes of uniform materials and two-layer composites, the 
water diffusivity as functions of moisture content were determined. from 
experimental moisture profiles for various gypsum plaster materials. The models 
governing the moisture transport processes were formed based on extended 
Darcy's law and experimental diffusivity functions. By applying the finite 
element method and developed software, the non-linear partial differential 
equations were numerically solved under specified boundary and initial conditions 
in absorption processes. The simulation results achieved satisfactory agreement 
with experimental moisture profiles for various materials and for two-layered 
composites. 
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CHAPTER 1 INTRODUCTION 
Summary This chapter presents the formulation of the project into the 
measurement and modelling of moisture transport within gypsum plaster 
materials. A general overview and background into moisture, moisture transport 
and building problems related to moisture are first presented. Through a brief 
review of the research on moisture transport processes, the research objectives 
and aims are determined and presented in this chapter. 
1.1 Moisture and moisture transport in buildings 
It is well known that moisture is one of the dominant factors in relation to 
problems in buildings, both during and after construction (Dill, 2000; Philipson, 
2002). The problems are various and include rain penetration and rising damp. 
These are directly related with durability, strength, waterproofing of building 
elements, degradation of appearance and also thermal insulation abilities of 
modem buildings. The identification and control of moisture problems is a major 
task for building professionals (Philipson, 2002). Related legislation and guidance 
for the building industry are also introduced to control, reduce or eliminate the risk 
of moisture problems occurring within buildings. 
The processes including water and leading to damage of building elements 
depends on the moisture states and types of materials. In fact, both over wetting 
and over drying may cause serious problems to construction elements and in 
extreme cases may even cause failure of whole buildings. Too low a moisture 
content may result in shrinkage, cracking and splitting or distortion of building 
materials such as timber, cement plaster or concrete with potential loss of strength 
or integrity. On the other hand, excessive moisture may cause damage to materials 
or construction elements in many ways: 
e Blistering- usually caused by moisture migration to the surface of a 
material below an impervious coating. This typically occurs on painted 
surfaces or wallpaper. 
• Corrosion- this process requires the presence of air, water and a pH of 
less then 12 (acid) to form and maintain reaction of metal with a solution. 
In addition to the loss of strength, the corrosion of steel reinforcement 
may even cause spalling of concrete blocks (Malan 2002) 
• Decay- rotting of wood in the presence of excessive water (e.g. wet rot 
in wood at a moisture content of >25%). 
• Delamination- break down of the bond at the interface between two 
different materials or two layers of the same materials 
• Freeze/thaw damage - -caused by restrained expansion of water when it 
freezes within voids. 
• Fungal infestation/growth- moisture support/sustain fungal infestation I 
growth that develop within organic materials including those that are 
fluffy, woolly or mushroom. 
• Mould growth- Superficial growth of fungus with vartous colours, 
which commonly develops on the surface of most materials that become 
permanently or intermittently damp or wet, typically under condition of 
high relative humidity (>70%). Fungal or mould growth may cause 
health problems (Nielsen, 2001) 
• Leaching- depleting of soluble products from within a material caused 
by the migration of water through a material. 
• Loss of insulation- when materials get wet and so air pockets within any 
materials fill with water. This result influences energy consumption. 
• Loss of strength/disintegration-occurs through the softening/swelling 
of a material or through the loss of bond water between materials in 
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composite in the presence ofwater, e.g. Plasterboard, chipboard etc. 
• Peeling- breakdown of the adhesion between a thin covering and 
substrate at the surface, e.g. paints, wallpaper etc. 
Figure 1.1 shows disco louring of indoor walls or roofs caused by mould growth 
because of the moisture. Apparently, moisture monitoring and control are 
important issues in building construction and maintenances. 
The potential sources of moisture in building, as described by Dill (2000), 
include: 
Damp rising 
Condensation 
Rain penetration 
Built-in water 
Defective pluming 
Pipe leakage 
Spillage 
Hygroscopic salt 
Seepage 
Flooding 
Most building materials such as wood, concrete, brick, mortar or plasters etc are 
porous (see Chapter 2). Moisture migration usually happens throug~ the 
connected pores within materials. It is often caused by one or more of the 
following processes: capillary action, gravity, osmosis, vapour pressure or wind 
pressure. Within porous materials, water penetration, capillary damp rising or 
permeance of water vapour cause the moisture movement. Besides the external 
factors such as wind pressure and hydraulic pressure, the moisture transport 
performance of porous building materials is dominated by their characterization of 
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• 
• 
(a) (b) 
(c) (d) 
Figure 1.1 Mould growth, peeling of plaster wall because of moisture. (a), 
(c), (d) were extracted from the website of Environmental Protection 
Agency of United States: http://www.epa.gov/: (b) extracted from Eclips 
Ventilation data sheet, 1999) 
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water transport, whatever in state of liquid or water vapour, or essentially by the 
microstructure of materials. The macroscopic transport performance of materials 
depends on the microstructure of porous materials (see Chapter 2). Hence, the 
research into the moisture transport performance of porous building materials is 
the most important way to understand moisture transport processes in building 
elements and to predict moisture states of building elements. This is also the first 
step towards the understanding of the associated deterioration mechanisms of 
materials (Pel et al 1996). A good knowledge of various degradation processes 
associated with durability cannot be obtained when the moisture transport is not 
sufficiently understood. More insight into moisture transport may also give rise to 
new technology for building maintenance and building design to produce 
optimized material properties with expected moisture and heat performance of 
buildings. 
1.2 Origin of the project 
The project originates from practical problems associated with internal plaster 
coated walls. In the building industry, the conflicts or arguments about the 
drying condition of internal plaster walls are frequent. There is often anxiety 
about whether the walls have been dried enough to avoid possible problems 
caused by excessive moisture as shown in Figure 1.1 . Moisture state also affects 
thermal insulation because thermal conductivity depends significantly on the 
moisture condition of materials (Philipson, 2002). 
An important fact should be mentioned that, from 1945 onward, gypsum plasters 
started to dominate the market instead of lime and sand plastering (Doran, 1990). 
The dihydrate of calcium sulphate, CaS04.2H20 , is the raw material from which 
the gypsum plasters are commonly manufactured; it is also the final stage in the 
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setting of gypsum plasters. Gypsum plaster (GP) materials have many advantages 
over traditional lime-sand-cement plasters such as being light in weight, they 
have very short and controlled setting time, low shrinkage and they offer 
excellent adhesion to a wide variety of wall surfaces. Further they have excellent 
fire resistance because they contain 21% water of crystallization which absorbs 
considerable heat, minimising the rate of temperature rise in and behind the 
plaster. In addition, Gypsum plaster materials being premixed require only the 
addition of clean water on site and so provide great convenience for field 
application. That said, the problems with internal walls mentioned above are 
much greater for gypsum plasters and it is for this reason that it is really necessary 
and important to investigate moisture related problems with gypsum plaster 
materials for practical purposes for the building industry. 
Additionally, it is essential to recognise that, the problems with plasters are 
normally related with multi-layer structure. This is because the plaster layers are 
never isolated from the background such as brick, concrete, cement paste etc. For 
example, according to British Gypsum Ltd, the brick- undercoat plaster- finish 
two-coat plaster system as shown in Figure 1.2 is by far the most popular 
plastering method in the UK (BG, 2003). 
The Building Regulation entitled "Site Preparation and Resistance to moisture" 
(BR, 1991) recommends the application of layered wall structures, which are able 
to increase moisture resistance to external and ground moisture source and 
provide better thermal insulation ability. The typical external wall structures 
include (Figure 1.3): 
• Internal insulation 
• External insulation 
• Cavity wall: cavity fill insulation etc. 
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Figure 1. 2 Schematic diagram of the most popular two-coat plaster system 
(Extractedfrom BG 2003) 
Two or more layered composites commonly exist for the purpose of moisture 
resistance and thermal insulation. For this reason, the research includes both 
uniform materials and two or more layered composites when dealing with 
moisture transport processes. Only a sufficient understanding of moisture 
transport processes through layered composites may enable a fully understanding 
of the reality of moisture related problems in buildings. In this research, the 
development of proper experimental monitoring technique and the simulation 
research of multi-layered transport problems by modem computer tools are the 
key areas of the investigations. 
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Figure 1. 3 Wall structures for resistance to moisture by British Building 
Regulation (extracted from BR 1991) 
1.3 A brief literature review 
Based on the fundamental questions of hydraulic properties of gypsum plaster, 
monitoring techniques required for moisture transport and modelling and 
simulation of layered-structure, a comprehensive search and literature review 
was made through the website of Science Citation Index Expanded (SCie) 
database*, published papers and world wide PhD thesis. The detailed review is 
separately presented in Chapters 3, 5, 6 and 7. The following outlines the main. 
results of the review. 
• http: //wok.mimas.ac.uk/ 
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1.3.1 Serious shortage of research on gypsum plaster materials 
Through using search engine from the database of the SCie website by various 
combination of key words, a statistic result was obtained (Table 1.1 ). 
Table 1.1 Statistics ofresearchpapers on Moisture Transportfrom 1981- 2001 
Key words Papers Papers on Papers on Papers on Papers on Other papers( Soil, 
matched modeling wood concrete plaster food, atmosphere, 
ocean, chemistry ) 
Moisture 361 30 26 9 290 
transport 
Moisture 147 15 35 9 80 
movement 
Moisture flow 103 21 10 6 0 65 
Compared with the number of papers on concrete, wood, very few papers dealt 
with plasters. A few experimental measurements of absorption rate and saturated 
flow behaviour of gypsum plasters have been made, but systematic research into 
the main hydraulic parameters of commercial gypsum plasters has apparently 
never been made. As shown in Figure 1.1, gypsum plasters in the presence of 
excessive moisture frequently and seriously cause problems in building industry. 
The possible reason for the ignorance of the problems with gypsum plaster is 
perhaps that most of the previous researchers are from academic background and 
they have not been fully aware of the seriousness of the problems in building 
industry. This situation does not tally with the important role, and results in the 
serious deficiency of available quality data of material properties on which 
further mathematical modelling depends. For building engineers, there is little 
data available on which the building industry can select materials and predict 
wetting and drying behaviour of widely used plaster wall. In discussions with 
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researchers at British Gypsum •, the biggest supplier for construction gypsum 
plaster and plasterboard in the world, they confirmed that there are still no 
specification data about the hydraulic transport property of gypsum products 
available. Great interests about the research of moisture transport in gypsum 
materials was shown. Overall, the research into the transport performance of 
gypsum plaster materials is important whether for the building industry or 
theoretical research. 
In addition, because of the quick setting time and easiness for preparing sample, 
gypsum plaster can also provide an excellent platform and the fastest way for 
general research purposes in the development of moisture _monitoring system, 
monitoring of transport processes and so aiding computer simulation research. 
1.3.2 Demands for new real-time monitoring technique for moisture 
transport 
An appropriate real-time measuring system for moisture profile as a function of 
time is the fundamental requirement for the experimental research of moisture 
transport in materials. Various kinds of moisture sensors have been previously 
developed for moisture measurement such as resistance sensor (Dai, 1999), 
capacitance sensor (Jazayeri, 1999), microwave sensors (Malan, 2002) within the 
Moisture Research Group (MORG) in Luton for long term moisture monitoring. 
There are various other techniques including infrared reflectance sensor and the 
application of nuclear magnetic resonance (NMR) imaging technique. However, 
only a few of these sensors or methods have been applied to the monitoring of 
moisture transport processes because of the large dimension and low resolution 
or because of the high cost. The most frequently applied methods for moisture 
• Private correspondence with Dr Keith Humphrey from Research Centre ofBPB in 2002) 
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transport monitoring are NMR methods (Gummerson, 1997; Schoenherr and 
Mocikat, 1991; Pel and Brocken, 1996) and the gravimetric method (Pang, 1996; 
Rosenkilde and Arfvidsson, 1997, Chen and Choong, 1996; Hukka, 1999; 
Kalimeris, 1984). 
NMR techniques utilize the principle that the hydrogen nuclei of water molecules 
within the pores of the material will give rise to the NMR signal whose amplitude 
is proportional to the water content in defined volume elements. It was first used 
in research of unsaturated water flow (Gummerson et al, 1979). NMR imaging 
techniques can realize real-time monitoring of moisture profile and obtain a 
resolution of better than 2 mm in three dimensions. But a ~ajor difficulty with 
NMR method is that complications occur if the materials under investigation 
contain large amounts of paramagnetic ions, as is the case for most building 
materials (Pel, 1996). It is also not able to recognize the contribution of free water 
in pores and bonded water in hydrated molecules, where the later is not involved 
in moisture transport processes under ambient temperatures. In addition, the 
large volume of apparatus (magnet), high cost and running expenses, especially 
the restricted sample size limits its application in field. 
Gravimetric method is the second commonly applied method. It normally 
involves the procedure· of: slicing the sample in 1-D or 2-D and then weighing 
the slices and finally determine moisture distribution. This is an economical but 
destructive, unreliable, time consuming method. It is difficult to maintain the 
original moisture states and it is also not able to realize automatic real-time 
monitoring. 
.. 
The procedure may be variable for different materials and researchers. (see the work by Pang, 
1996; Rosenkilde A and Arfvidsson, 1997; Chen and Choong, 1996; Hukka, 1999, Kalirneris, 
1984) 
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In summary, there was a requirement to develop a kind of real-time monitoring 
system with the features of simple, economical, field suitable and satisfied 
resolution for the purposes of moisture transport research. 
1.3.3 Simulation of mass transport in plaster materials and multi-layer 
composites 
In the published literature, many articles have dealt with the modelling and 
simulation of moisture transport processes in various kinds of homogeneous 
materials such as wood (Pang, 1996), concrete (Li et al, 2002; Tenchev eta! , 2001 ; 
Dai, 1999), fired brick (Kalimeris, 1984), clay (van der Zanden et al, 1996) and 
food, even chicken, pasta and sausages! For gypsum plaster, although it is a 
widely used homogeneous porous media, there is still rare modelling and 
numerical simulation work on either its wetting or drying processes. In the case 
of moisture transport in multi-layer structures, some work has been carried out in 
soil science by numerical or finite element method (FEM) (Hanks and Bower, 
1962; Fork, 1970). However there is an important difference between infiltration 
into soil and water transport in construction materials because they have much 
finer pore structures than soil (Wilson, 1995). Wilson (1995) and Hallet al (1996) 
investigated both two and n-layered problems by using the simplified Sharp Wet 
Front (SWF) model which assumes a constant hydraulic potential at the wet front 
and constant saturation throughout the wetted region. But it is apparent that for 
many materials this technique is not able to give satisfactory results (see chapter 
3 and chapter 5). So a numerical modelling and simulation for gypsum plaster 
and layered structures is important for the understanding of moisture mechanism 
and features of moisture movement in multi-layered structures. A comparison is 
definitely needed with numerical simulation based on non-linear diffusion 
equations of unsaturated flow (Hallet al, 1996). 
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1.4 Research objectives of this project and the layout of the thesis 
In this project, the interests of the author will focus mainly on the research into 
moisture transport process: characterization of transport properties of gypsum 
plaster materials, development of an effective but economic real-time monitoring 
technique for monitoring of transport processes and numerical simulation of 
moisture transport through one and two layer composites. The temperature range 
was restricted to typical ambient temperature and the isothermal assumption was 
applied. This project is multidisciplinary and the objectives include computer 
simulation and experimental investigation of moisture transport processes in 
porous gypsum plaster materials. It aims to obtain transport parameters of gypsum 
plasters, develop a real-time moisture monitoring system and to build up 
appropriate models for simulating moisture transport processes in gypsum plaster 
and multi-layer composites. It is expected to obtain a better understanding of the 
moisture transport mechanism, and to get useful practical results for the building 
industry. This project is of significance for both theoretical purposes and practical 
applications. 
The overall structure of the thesis and the main links between the chapters are 
schematically shown by the layout of the thesis in Figure 1.4. 
Chapter 1 provides the necessary background about moisture, moisture transport 
processes and buildings, as well as justification and formation of the project based 
on a briefly literature review. 
Chapter 2 presents the specifications of materials under investigation, dependence 
of macro performance of porous materials on their microstructure by showing 
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some new SEM images obtained at the University of Luton, and also presents the 
fundamental principles which will be applied in later chapters. 
Chapter 3 describes the results of the hydraulic parameters of gypsum plasters 
including soprtivity, saturated conductivity and permeability of water vapour 
which were determined experimentally by standard methods. The results were 
also compared with other porous building materials such as cement-lime-sand 
plaster, mortar and concrete etc. This chapter aims to obtain basic transportation 
specifications of gypsum plaster for practical applications in the building industry 
and manufacturers of gypsum plaster products. 
Chapter 4 is concerned with the investigation of dielectric properties of gypsum 
plaster materials including polarization effects, temperature effects, dependence 
of DC resistance of materials on elapsed time and spacing of embedded electrodes. 
The Resistance-Moisture Content (MC) relationships for various commonly used 
gypsum plasters were also obtained after considering polarization and 
temperature effects. These results form the basis for the development of moisture 
transport monitoring system utilizing pin-type resistance sensors in Chapter 5. 
Chapter 5 shows the development of a real-time monitoring system for 
measuring the moisture profile in moisture transport processes. This includes the 
design of the sensor array for monitoring 1-dimenssion moisture transport 
processes, hardware for the computer data acquisition (DAQ), compensation of 
polarization and temperature effects and programming control software. The 
result is an integrated and friendly interface monitoring system combining data 
acquisition, data treatment and results display. 
In Chapter 6, the experimental monitoring of water absorption processes of 
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gypsum plaster materials was performed utilising the developed moisture 
monitoring system (Chapter 5). Using the obtained moisture profiles, the 
diffusivity as function of moisture content was directly determined by applying 
Holtzman's transformation of moisture profiles and professional curve fitting 
tools or numerical approximation. 
Chapter 7 presents the procedures and results of modelling and simulation for the 
moisture transport processes in uniform materials and two-layered composites 
consisting of two dissimilar materials on the basis of Darcy's Law by using 
diffusivity functions obtained in Chapter 6. The simulation results are compared 
with experimental results and show high degree of agreement. 
In the final chapter (Chapter 8), the findings and research outcomes from this 
project are summarised and some recommendations are proposed for the building 
industry when selecting gypsum plaster materials . Suggestions for further work 
are also presented in this chapter. 
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Figure 1.4 Thesis layout and outcomes ofthe project 
16 
CHAPTER 2 BASICS AND FUNDAMENTAL PRINCIPLES 
Summary This chapter comprehensively provides the necessary background about 
materials that were investigated, the micro-scales basis of transport phenomena and 
required fundamental equations governing the particular processes of interest in 
this thesis. The details included were felt to be necessary for the understanding of 
moisture properties. The concept of plasters, types of gypsum plasters and their 
physical and chemical properties, aggregates and additives premixed and salts 
within gypsum plasters are first presented. The microstructure of gypsum materials 
and their possible effects on transport mechanism were then investigated through 
the use of SEM images. Various important concepts such as porosity and moisture 
content are also introduced. Finally, the governing principles for transport 
processes are presented and some useful formulae for determining the hydraulic 
parameters are derived. 
2.1 Building plasters and gypsum plasters 
2.1.1 Internal building plasters 
Plasters may be defined as materials designed to provide a durable, flat, smooth, 
easily decorated finish to internal walls or ceilings (Taylor, 1995). From Padfield's 
work (Padfield, 1998), it is clear that internal plaster also has a role in regulating 
moisture within the indoor environment, e.g. at high relative humidity it adsorbs 
moisture from the environment and at low relative humidity it desorbs moisture. In 
this way, it moderates peak changes of relative humidity. 
Historically, lime-sand plaster and cement-lime-sand plaster were the mam 
plastering medium used in UK from the middle of the nineteenth century (Doran, 
1994). The situation changed from the Second World War when the vast rebuilding 
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programme demanded speedy construction methods. Gypsum plasters have 
increasingly dominated the plaster markets. 
To obtain the required characteristics, additives are normally premixed with 
plasters whether these are cement based or gypsum based. Dense aggregates such 
as sand and barites normally are applied in cement-based plaster and lime-sand 
plaster. Barites can provide protection against electromagnetic radiation. The 
lightweight aggregates in cement and gypsum based plasters comprise expanded 
perlite and exfoliated vermiculite. Bonding agents or synthetic fibres are also 
usually applied for purposes of retentivity of water, bonding or strength etc. 
Because of the differences in composition of plasters, their perfom1ance in setting 
time, strength, drying properties are variable. 
Comparing with tradition lime-sand plaster and cement based plasters, gypsum 
based plasters have sufficient hardness for further decoration, with extremely small 
movement and controlled quick setting time. 
2.1.2 Building gypsum plasters 
Gypsum may exist in the following three forms depending on its hydrated states: 
1. Gypsum CaS04 ·2 H20 
2. Hemihydrate or burned gypsum or CaS04 . V2 H20 (Plaster of Paris) 
3. Anhydrous gypsum plaster or dead burned gypsum CaS04 
The gypsum found naturally is partly dehydrated to burned gypsum by heating it 
. 
between 90 ° and 150 °C. Hardening the burned gypsum, CaS04 ·V2 H20 readily 
reabsorbs water under solidification and reconverts under swelling to the previous 
condition (CaS04 ·2 H20). When gypsum is heated above 500 °C, dead burned 
gypsum will be obtained, which only very slowly reacts with water. The hardening 
process is fast; therefore retarder agents are normally added to allow enough time 
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for field applications. The hardened gypsum consists of needle shape entangled 
crystals (see Section 2.2.1 ). This creates a connected pore system. From this 
structure, the water transfer properties of gypsum can be qualitatively explained. 
In practical manufacturing of gypsum plasters, different drying technique are often 
applied. Variations of gypsum plasters in heating from 150 octo over 190° C may 
occur for retarders and bound water and such temperatures are used to alter the 
plaster chemically. Drying to achieve constant weight at initially 45 oc then at 
200°C will enable the determination of physically and chemically bound water 
respectively. 
Building gypsum plasters are classified into gypsum plaster and premixed 
lightweight gypsum plasters as follows : 
2.1.2.1 Gypsum plasters---exclude premixed lightweight gypsum plasters BS 
1191-1: 1973 
Gypsum plaster shall be one of the following classes: 
Class A: plaster of paris (POP). This is a form ofhemihydrate without any added 
retarder of set. It is manufactured in several grades for various industrial uses. The 
sulphur trioxide content, expressed as a percentage by weight of the plaster as 
received, shall be not less than 35 %. The calcium oxide content shall be not less 
than two-thirds of the sulphur trioxide content, by weight. The sum of the soluble 
sodium salt and magnesium salt contents, expressed as percentages of sodium oxide 
(Na20), and magnesium oxide (MgO), by weight of the plaster as received, shall be 
not greater than 0.2 %. The freedom from coarse particles requires that the residue 
on a 1.18 mm sieve complying with the requirements ofBS 410 shall be not greater 
than 5 % by weight. 
Class B: retarded hemihydrate. This is a form ofhemihydrate which contains an 
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addition of a retarder (such as keratin made by cooking animal hair, horns, and hoof 
in caustic soda solution or similar glue-like materials (Davey 1961). Retarded 
hemihydrate gypsum plasters shall be of one of the following types: 
Type a: Undercoat plaster (plaster for use with sand) including Browning plaster 
and metal lathing plaster 
Type b: Final coat plaster include Finish plaster and Board finish plaster 
A most important application of class B plasters is the premixed plasters containing 
lightweight aggregates which are now very widely used. 
Class C, anhydrous gypsum plaster is a material consisting essentially of 
anhydrous calcium sulphate (CaS04), produced by the dehydration of gypsum, the 
set of which has been suitably accelerated. 
Class D, keene's plaster is a gypsum plaster of the anhydrous class which is 
characterized by being more easily brought to a smooth and true finish in 
continuous plastered surface. 
2.1.2.2 Gypsum plasters--premixed lightweight plasters-BS 1191- 2: 1973 
Lightweight plasters are defined as plasters consisting of suitable lightweight 
aggregates and retarded hemihydrate gypsum plasters complying with BS 1191-1 , 
Class B. Low-density aggregates, such as expanded perlite (produced from 
siliceous volcanic glass) and exfoliated vermiculate (produced from mica) are the 
most important ingredient of modem plasters, which are now almost always 
premixed. The advantages of these plasters include low cost of transporting and 
handling, improved fire resistance. The thermal insulation of walls or ceilings can 
be improved and the internal surface temperature increased, thereby reducing the 
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risk of surface condensation and pattern staining (Taylor 1995). 
Premixed lightweight plaster may be divided into the following types: 
Type a: Undercoat plasters including Browning plaster, Metal lathing plaster and 
Bonding plaster 
Type b: Final coat plaster or Finish plaster 
For browning plaster, the sum of the soluble sodium and magnesium salt contents, 
which are expressed as percentages of sodium oxide (Na20) and magnesium oxide 
(MgO) by weight of the plaster as received, shall be not greater than 0.25 %. For 
Metal lathing plaster, The sum of the soluble sodium salt and magnesium salt 
contents, expressed as percentages of sodium oxide (Na20), and magnesium oxide 
(MgO), by weight of the plaster as received, shall be not greater than 0.25 %. For 
Bonding plaster, the soluble salt content of bonding plaster is not limited as this 
type of plaster is used on background conditions where there is not sufficient water 
to bring about efflorescence by transfer of soluble salts. Soluble salt content in 
Final coat plaster, namely the sum of the soluble sodium salt and magnesium salt 
contents, expressed as percentages of sodium oxide (Na20), and magnesium oxide 
(MgO), by weight of the plaster as received, shall be not greater than 0.25 %. 
2.1.3 Gypsum plaster materials investigated in this thesis 
Five types of gypsum plasters were chosen as the materials under investigation in 
this project, Table 2.1. They are Plaster of paris and Thistle gypsum plasters 
manufactured by British Gypsum Ltd (British Gypsum, 2002). 
Plaster of paris (POP) - BS 1191-1 , Class A. hemihydrate without any added 
retarder of set. Plaster of paris is chosen to be as reference material to compare the 
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effects of aggregates and additives to gypsum on hydraulic performance of building 
plasters. 
Thistle Browning undercoat plaster (BUP)- BS 1191- 2: Type a1: 1973. 
Pre-mixed lightweight gypsum building plasters. This plaster was chosen as a 
representative for undercoat plasters. 
Table 2.1 Gypsum plasters investigated in this thesis 
Plaster of paris Thistle Bonding Thistle Thistle Thistle 
Materials coat plaster Universal Multifinsh Browning 
one-coat plaster plaster undercoat 
plaster 
Abbreviation POP BCP UOP MFP BUP 
British BS 1191-1, -BS 1191-1: BS 1191-1: BS 1191-1: Class BS 1191-2: 
Standard Class A Class B Class B B: Types b 1 and Type a1 
b2 
Explanation Hemihydrate Premixed with Premixed with A new generation Premixed 
without any aggregates and special final coat plaster lightweight 
added retarder additives in a aggregates and and has specially gypsum 
of set similar manner to additives in a formulated to building 
pre-mixed similar manner perform equality plasters 
plasters to pre-mixed well on a variety 
conforming to BS plasters of background 
1191: Part 2: conforming to 
Type a3 BS 1191: Part 2 
Thistle Bonding Coat plaster (BCP) - BS 1191- 1: Class B, premixed with 
aggregates and additives in a similar manner to pre-mixed plasters conforming to 
BS 1191: Part 2: Type a3: 1973, although density is above range permitted in Type 
a3. This type of plaster was chosen as representative ofbonding coat plaster. 
Thistle Universal One-coat plaster (UOP) - BS 1191-1: Class B, mixed with 
special aggregates and additives in a similar manner to pre-mixed plasters 
conforming to BS 1191: Part 2, although density is above range permitted in Part 2. 
This type of plaster was chosen as a representative as one-coat plaster for internal 
plaster in BS 5492:1990 (section 2.1.1) 
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Thistle Multi-Finish plaster (MFP) - BS 1191-1: Class B: Types b1 and b2: 1973. 
Thistle gypsum multifinish plaster is a new generation final coat plaster and has 
specially formulated to perform equality well on a variety of background. This type 
of plaster was chosen as representative of newly developed premixed lightweight 
gypsum plaster. 
It must be noted that, the plasters of class B are hemihydrate gypsum plaster and are 
premixed with retarders. Retarders may be subjected with evaporation when heated 
and this will influence sample weight and measured moisture content. It is therefore 
recommended that, in any drying processes of retarded gypsum plasters, a 
temperature ofless then 45° C be used (Dill, 2000). 
According to the information provided by British Gypsum*, the general 
composition of Thistle Gypsum plasters by British Gypsum (UK) includes: calcium 
sulphate hemihydrate, natural constituents may include clay, limestone and minor 
amounts of quartz. Some products also contain perlite aggregate. Additives may 
include minor amounts less than 1% of hydrated lime or small amounts (less than 
3.5%) of cement. Thistle Hardwall, Renovating and Tough Coat, contain ground 
blast furnace slag. 
2.2 Investigation of microstructure and state of water in porous gypsum 
plasters 
Knowledge of the relation between microstructure and macro transport properties 
helps determine the factors affecting the transport processes and make it possible to 
modify material composition for desired properties such as absorption or drying 
rate, hydraulic conductance or water retaining ability (this will be further discussed 
Private correspondence w'th n· . . 1 Irector of Research Centre m BPB plc, Dr Keith Humphrey. 
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in details in Chapter 3). 
2.2.1 SEM image analysis of microstructure and state of water 
In companson to cement or concrete, from the literature observed, the 
microstructure of hardened gypsum plaster has undergone less investigation as 
multi-crystal materials of hydrated calcium sulphate. In this section, the effects of 
microstructure, lightweight aggregates and newly observed Alveolate-like structure 
in gypsum plasters formed by additives on moisture transport were analysed based 
on scanning electronic microscope (SEM) images taken by the SEM facility (ISA 
lOOA SEM Machine) at the University of Luton 
Commonly used gypsum plasters are normally retarded hemihydrated gypsum 
plaster. When water is added, series of complex chemical reactions occur in the 
setting process. The processes allow hemihydrate gypsum, CaS04 · 12 H20 , to 
absorb water until the final stage gypsum, CaS04 ·2H20, is achieved. The hydrated 
water contributes about 21% in weight of materials. The high percentage of 
hydrated water provides the ability of gypsum materials with high resistance of fire 
because water may absorb more heat, limiting the temperature increase. During the 
setting processes, needle like crystals were formed (Goossens, 2002) whilst the 
materials become hardened and the heat of reaction causes temperature increase. 
Figure 2.1 (a, b, c, d) shows the needle-like crystal structure of typical gypsum 
plaster materials at different magnification of SEM images. The scale of needle-like 
crystal is ~ 2 J1 min width and 10 J1 m (1 J1 m =10-6 m) in length which is smaHer 
than irregular shaped particles of cement paste by a factor of 3 to 5 (Malan, 2002). 
The particles in cement paste have average size of 15-20 J1 m. The fine pores 
between randomly oriented crystals is of similar size with that of the crystals and 
constitutes the main contribution to the total pore space within samples. At this 
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(a) (b) 
(c) (d) 
Figure 2.1 Scanning Electronic Microscope (SEM) images of hydrated gypsum 
plasters taken by SEMfacility in University of Luton. (a) Bonding coat plaster 
x2500, (b) Bonding coat plaster xJOOO,· (c) Universal one-coat plaster x 
2500,· (d) Multifinish plaster x250 
scale of size, the fine pores make an important contribution for moisture transport 
(Meng, 1994a). The microstructure of gypsum plaster is apparently distinguished 
with that of cement past or concrete in which "cement paste is formed from a 
disordered aqueous suspension of irregularly shaped cement particles, which 
undergo random growth due to hydration reactions" (Malan, 2002). 
According to solid state physics, the lattice constant within the crystal is normally -
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1 A (10- 10 m). This pore size does not allow water molecules go through at ambient 
temperature. Figure 2.2 shows the matrix structure of universal one coat plaster. 
The crystal particles form the solid matrix, which are bonded by molecule bonding 
forces. The trapped air and extra water or heated water vapour will produce macro 
scale voids (or pores) within the materials after setting (Figure 2.2). The gap size 
between crystals within texture structure is of the order of nanometers. The scale of 
pore size depends on water-plaster ratio and additives to gypsum. Some of pores are 
visible to naked eyes but the majority of pores are at micro scale. Apparently, the 
moisture transport performance of porous materials depends on the micro 
characteristics of materials such as pore size distribution, connectivity of pores or 
porosity (see Section 2.2.2). 
Since gypsum plasters is slightly soluble in water (Taylor, 1995), when materials 
absorbing water, the microstructure within material possible will be subjected to 
changes, such as re-crystalline in wet and dry cycles, and cause slightly variations 
of pore structure such as connectivity of pores or pore size distribution and change 
the moisture transport performance. The relate phenomena have been observed in 
the so-called "Effects of wet-dry cycles" on the transport performance of materials 
(see Chapter 3). 
It can be also apparently found from Figure 2.2 (see Appendix B for all SEM 
images) that there is no visible sub-structure of solid matrix in the premixed 
lightweight aggregates. This indicates that the aggregates (expanded perlite or 
exfoliated vermiculate) can be considered as non-permeable media for liquid water 
and water vapour. In analysing the effects of microstructure on moisture transport 
performance of premixed gypsum plasters, the premixed lightweight aggregates 
have no contribution to moisture transport and so can be ignored. 
26 
Premixed 
lightweight 
aggregates ---11~ 
Solid 
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Figure 2. 2 Pores and solid matrix within universal one-coat gypsum plaster. 
Magnification x250 (SEM image taken at The University of Luton) 
In the universal one-coat plaster, a kind of Alveolate-like structure within materials 
had been observed. This is possibly formed by bond agents added in the plasters. 
Alveolate-like structure is frequently distributed in the material (see Figure 2.3 a, b). 
This area takes roughly about 30% of the intersection surface of the materials (see 
pointed areas in Figure 2.3a and other images in Appendix B). Figure 2.3 (b) is the 
enlargement of Alveolate-like structure of Figure 2.3 (a). The photo apparently 
shows that the walls of Alveolate-like structure are film like planes and there are no 
visible texture sub-structures for liquid or gas to go through. This means they are 
low permeable film for liquid or vapour or high resistance to vapour and liquid 
transfer. Note that the Alveolate-like structure in Figure 2.3 (b) has the same 
magnification with the texture structure consisting of cluster of crystals in Figure 
2.1 (d). Comparing these two structure, it can be easily found that the texture 
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(a) 
(b) 
Figure 2.3 Alveolate-like structure within universal one-coat plaster. (a) 
Magnification: x 70, where arrows " ~ " point the frequently existed 
Alveolate-like structure area within material; (b) Magnification: x250, The 
magnified Alveolate-like structure 
28 
structure by crystals provide very high percentage of interconnected fine or coarse 
pores, whilst the walls in Alveolate-like structures significantly isolate the pores 
from each other. These Alveolate-like structures are the most likely reason for the 
low moisture transport rate of universal one-coat plasters compared with other 
types of gypsum plasters. It possibly significantly reduces the connectivity between 
pores and slows down the absorption rate; decrease the permeability of water 
vapour (drying rate) and hydraulic conductivity (see chapter 3). But in contrast, the 
non-permeable structure provides the plaster with water resistance. 
2.2.2 Pore structure parameters 
The microstructure of porous materials can be characterized by pore structure 
parameters, which were classified under both macroscopic parameter and 
microscope parameters by Dullien (1992). The macroscopic parameters include 
porosity, permeability, specific surface area, anisotropy of pore structure etc. The 
microscopic parameters were related to the problems of topology of pore structure, 
homogeneity in terms of microscopic properties, pore size distribution and 
3-dimensional pore structure reconstruction etc. An in-depth discussion of all the 
microscopic parameters is beyond the scope of this thesis. Only the commonly used 
parameters such as porosity and some results about pore size distribution are 
discussed. 
2.2.2.1 Definition of porosity 
Porosity (also called "voidage") <Pis defined as the fraction of the bulk volume of 
the porous sample that is occupied by pore or void space. If the volume of solid 
phase and bulk volume of the sample are Vs and Vb respectively, the porosity of the 
material can be expressed as: 
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(2.1) 
It is important to distinguish the two kinds of pore or void space. One of them forms 
a continuous phase within the porous material, called " interconnected" or 
"effective" pore space. Another one consists of "isolated" or "non-connected" 
pores or voids dispersed over the medium. Non-interconnected pore space does not 
contribute to transport of matter across the porous medium. A third type of pore 
also usually exists. There are "dead-end" or "blind" pores, which are 
interconnected only from one side. Although these pores can be penetrated, they 
usually contribute only negligibly to transport (Dullien, 1992). 
2.2.2.2 Experimental methods for determining porosity 
There are various experimental methods to determine the porosity of materials. The 
most commonly used methods are the followings (Collins 1961 ; Scheidegger 
1974): 
(1) Direct method. This method includes the measurement of bulk volume of the 
sample and then some how destroy all the pores and measure the volume of 
only solid. 
(2) Optical methods. This is based on the principle that the porosity of material is 
equal to the "areal porosity", provided that the pore structure is random. The 
"areal porosity" is determined on polished sections of the samples by optical 
instruments. It is often necessary to impregnate the pores with some materials 
such as wax or plastic. But whenever small pores are present along with larger 
ones, it is difficult to make sure that all the small pores have been accounted for 
by the measurements. 
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(3) Imbibition method. Immersing the porous sample in a preferentially wetting 
fluid under vacuum for a sufficiently long time will cause the wetting fluid to be 
absorbed into all the pore space, at which time the sample is called saturated. 
The sample is weighed before and after imbibition. These two weights, 
combined with the density of the fluid and solid material, will allow the 
porosity to be calculated. The porosity can then be expressed as: 
(2.2) 
where Vw and V are the volume of water and bulk materials; m", md are weight 
of water and dry bulk material; Pd and Pw are density of bulk dry material and 
density of water. The disadvantage of this method is that a high pressure 
difference from inside the pores (especially dead end and disc01mected pores) 
to external pressure of sample may destroy the pore structure. 
( 4) Mercury injection method. The bulk volume and pore space of the sample are 
determined by immersion of the sample in mercury and then high pressure to let 
mercury enter the pores. Because of the toxicity of mercury and high pressure 
applied, great care is necessary. In addition, high pressure may also destroy the 
microstructure of materials, especially for materials with lower stiffness like 
gypsum plaster materials. So it is liable for high pressure to destroy 
microstructure of plaster materials. 
In the present thesis, the modified imbibition method was applied to determine the 
porosity of plaster materials. The traditional imbibitions method may somdimes 
take a relatively long time to reach complete saturation state. So the "effective 
porosity" are often applied (Wilson and Hoff, 1997; Hallet al 1996) by using the 
so-called "satiate state". A bar-shape sample of material is put vertically on one end 
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in a water tray to allow water absorption. The wet front of water was monitored 
directly by naked eye. When the wet front reaches the top of sample, at which point 
the sample is called "satiated", the weight of the sample was recorded and thus the 
effective porosity can be calculated by using the density of water and bulk volume 
of sample. It was believed that the "effective porosity" provides a more realistic 
estimate of water content achieved during absorption (Wilson and Hoff, 1997). But 
the "satiated state" is sometimes difficult to determined visually because of uneven 
visible wet front within non-uniform materials and for some materials on which the 
wet front cannot easily be seen and recognized. Furthermore, according to the 
author's experiments, for gypsum plasters, when the wet front just reaches the end 
of samples, the water absorption process still continues. This will take several hours 
until the weight of sample no longer has any significant changes. So, the sample 
was allowed to continue to absorb water after the wet front reached the end of 
sample; weighing the sample was carried out at 1-hour time interval. The constant 
weight is assumed when the difference of two successive weights is less than 0.5%. 
By this method, the "effective porosity" was obtained in about one or two hours for 
most gypsum plaster except universal one coat plaster which needed longer time 
because of its low sorptivity. Finally, equation (2 .2) was applied to determine the 
effective porosity of materials. 
2.2.2.3 Pore size distribution and its effects on the moisture transport 
mechanism 
Pore size distribution can determine the transport mechanism within porous 
materials. It is normally used in conjunction with experimentally determined "pore 
size distribution", i.e. the distribution density of pore volume by some length scale 
assignment to it. The general procedure for determining the pore size distribution 
consists of measuring some physical quantity and its dependence on another 
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physical parameter that is under control of the experimenter. For example, in 
mercury porosimetry method, the volume of mercury penetrating the sample is 
measured as a function of the pressure imposed on the mercury. The pore size is 
calculated from this pressure by Laplace' s equation of capillarity (Dullien, 1992). 
p = 2o-
c 
rm 
(2.3) 
where Pc is capillary pressure, that is the pressure difference across the fluid/fluid 
(fluid/air) interface of mean radius of curvature r 111 , in mechanical equilibrium, and 
cr is the interfacial tension. 
Figure 2. 4 Two-dimension representation of pores and pore throat 
The definition of pore size depends on the definition of the pore because various 
pore shapes exist within materials. A pore is defmed as a portion of space bounded 
by solid surfaces and by planes erected where the hydraulic radius of the pore space 
exhibits a minimum (or minima). If the local minima, or the pore throats, can be 
located and imaginary partitions erected at those positions as shown in Figure 2.4, 
then the pore can be defined and their size can be defined by any arbitrary definition 
of size of irregularly shaped objects. Even though the pore size distribution still 
significantly depends on the experimental method (Dullien, 1992), the mercury 
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porosimetry method classifies the entire pore volume as pores with the small pore 
entry radius (at throat) (Meng, 1994b). But it does to an extend indicate the pore 
size distribution and make it possible to do comparison between different materials 
for analysing qualitatively the transport mechanism within the materials. Figure 2.5 
presents the pore radius ranges and relevance for different transport phenomena. 
The absorption of water can occur at the pore size of range 100 nm to 1 mm. If 
pores are smaller then 1 OOnm and greater then 1 mm, the capillary action will not 
occur. Permeance may happen at a wider range from100 nm to 1cm or larger, but 
sorption processes can only happen at very fine pores within a solid matrix of 
materials at the size of 1 nm to 100 nm. 
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Figure 2. 5 Pore radius range 0.+ z fi . 'J re evance or different transport phenomena 
(extracted from Meng, 1994b) 
Figure 2.6 shows the pore size distribution of one type of gypsum plaster (MP75SL, 
manufactured by Knauff) and fired clay brick (RH I RZ: red coloured brick 
' 
manufactured by Boral Nedus L b' h) . a, o 1t measured by Mercury Poros1metry method 
(Pel, 1995). The pore size distribution indicates that the gypsum plaster has a 
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similar peak compared to fired brick, at a radius of~ 1o-6 m =1 J1. m. But at the peak 
point, the cumulative volume of gypsum plaster is about 250 mm3 g-1, it is 
substantially higher than that of fired clay brick 175 mm3 g- 1• This implies possible 
higher porosity of gypsum plasters (see Chapter 3). Because most of the pore size of 
gypsum plasters ranges from 10-
7 
to 10-5 m, namely 0.1 J1. m to 10 J1. m, according to 
gypsum 
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Figure 2. 6 Pore size distribution of gypsum plasters and fired clay brick 
obtained by mercury porosimetry method (extracted from Pel, 1995) 
Figure 2.5, this distribution falls into the high capillary and permeability range and 
low sorption range. This implies th t th ·11 · 
a e cap1 ary absorption and water vapour 
permeance will dominate the mo · t · · 
IS ure transport processes m amb1ent temperature 
and sorption of water molecules within mat . 1 b . d ena s can e Ignore . 
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2.2.3 Capillary pressure and dependence on saturation level 
Capillary pressure as defined by Equation (2.3) results from the interfacial tension 
of a curved interface between two immiscible fluids which produce the 
discontinuity in fluid pressure. Capillary pressure is the driving force for migration 
of water in capillary absorption processes. The macroscopic capillary pressure is 
the difference of the average pressures of air and water. Because the pores all have 
different dimensions and shapes, the water will distribute itself within the pores at 
each macroscopic pressure until an equilibrium condition is established. As a result, 
the macroscopic capillary pressure is also a function of the liquid water content. 
The relation between the macroscopic capillary pressure and the moisture content is 
called the capillary pressure curve, retention curve, or sorption curve. This curve 
has to be determined experimentally. 
Because the capillary pressure provides the driving force, which determines the 
diffusion rate of moisture in absorption processes, the dependence of capillary 
pressure on moisture content level implies that hydraulic diffusivity should be 
highly dependent on moisture content. This characteristic of capillary pressure is 
used to analyze the dependence of diffusivity on moisture content in Chapter 6. 
2.2.4 Definition of moisture content 
Within moist porous materials, the water exists in four possible states: 
(1) Bound water with solid phase of materials 
(2) Liquid phase water filling voids or pores 
(3) Water vapour within pores or adsorbed on the internal surface 
(4) Ice 
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The transport processes investigated in this project is restricted to normal 
temperature. Neither bound water nor ice is considered in moisture transport 
processes. The water vapour is considered only in the determination of permeability 
of water vapour through gypsum materials. The moisture content in the present 
research normally refers to water content within moist materials. 
There are several ways to describe the moisture content u. Since the most common 
way to measure the water content is by weighing the sample of materials in the wet 
and dry states (this is also called gravimetric method), the moisture content is 
commonly expressed as a fraction of the mass of dry matter. If the initial mass m of 
moist material and dry state mass md of the sample are known, the moisture content 
um of the sample expressed by mass is: 
m-m 
u = d 
m 
md (2.4) 
The dry weight of plaster materials in this thesis is determined in a similar way to 
wood at which the dry weight is determined by standard procedure in British 
Standard (Dai, 1999). The gravimetric method is the most reliable method of 
measuring moisture and also often used as standard method to calibrate other 
indirect MC measuring equipments. In the present thesis, the gravimetric MC is 
frequently used in the calibration of Resistance-Me relationship. But there are 
several apparent disadvantages with it because moisture content is dependent on the 
relative density (specific gravity, SG) of the material under test and it is not possible 
to compare the moisture amount within two samples by the MC value without 
considering the SG of the materials. So the volumetric moisture content uv is also 
often applied. It is defined as the ratio of the volume of contained water to the 
volume of the sample examined. If Pd and Pw are the bulk density of material in a 
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dry state and density of water respectively, U v can be expressed as: 
(2.5) 
Neither equation (2.4) nor (2.5) is able to indicate directly the level of saturation of 
the interested materials. Meanwhile, the saturation level of moist porous material 
significantly affects the capillary pressure in real moisture transport processes as 
shown in Figure 2.5 (Dullien, 1992). For two layered hydraulic contacted materials, 
it is not possible to predict correctly the transport performance through interfaces 
without knowing the saturation level. In addition, in the computer simulation of 
moisture transport through two-layered composite, the software cannot take into 
account the difference in porosity of two layers and will not be able to predict the 
correct simulation results, but assumes that they have the same saturation moisture 
content (i.e. same porosity). This will be further discussed in Chapters 6 and 7. 
To overcome the above problems, the so-called normalized moisture content (NMC) 
u,. is also commonly used and applied in the present thesis. It defines as: 
(2.6) 
where U111 is the moisture content by mass, and u0 and Umax are the minimum and 
maximum moisture content attained in a particular processes. Usually, u0 and Umax 
are the dry state moisture content and moisture content at saturation respectively. 
Normally, u refers to u,. later on in the present thesis except where indicated. 
Apparently, the NMC is independent on the way it is obtained, whether measured 
by mass or volume, although it is defined as the ratio of moisture content by mass in 
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Equation (2.3). It can easily be seen that the range of u,. is: 0 ~ u,. ~ 1 and is 
dimensionless. It indicates the saturation level of porous materials or the percentage 
of saturation. It is very useful in capillary pressure analysis and simulation of 
multi-layered transport processes. Malan (2003) also concluded that "percentage of 
saturation (normalized moisture content) is of great value in building materials as it 
gives a real indication of the level of moisture content in terms of the maximum that 
can be achieved. It is of special importance if used as an early warning of potential 
frost damage." 
2.3 Fundamental principles governing transport processes 
The principles or laws governing the moisture transport processes vary with the 
features of the real processes. Generally, moisture transport processes may be very 
complicated, which includes existence of multi-phases simultaneously such as 
water vapour, liquid water, bounded water and air, whilst the mass movement is 
accompanied with coupled heat transfer. In this case complicated coupled mass and 
heat transfer happens and coupled mass and heat transport equation group are 
required. In the present thesis, simplified cases are considered, i.e. in most cases, 
except for the determination of permeability of water vapour, only liquid phase 
exists and only isothermal processes at ambient temperature are considered. In all 
cases of transport processes, mass conservation law and energy conservation law 
are always the most fundamental principles to be followed. Also, in this thesis, the 
well known Darcy's Law in its extended form for unsaturated transport processes 
has been applied to the determination of sorptivity, saturated conductivity and 
simulation of moisture transport processes. To introduce the permeability of water 
vapour, Fick's diffusion law is also presented. 
2.3.1. Mass conservation equation 
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Let g =(gx,gy,gz) denote the moisture flux and u(x, y, z) denote the moisture 
content per unite volume in porous materials. The equation for conservation of 
mass is (Arfvidsson and Claesson, 2000): 
For one dimension case: 
au 
at 
(2.7) 
(2.8) 
If both liquid and vapour phases exist, the mass conservation equations for liquid 
water and water vapour can be expressed separately as (Kalimeris, 1984): 
Liquid water: 
(2.8a) 
Water vapour: 
au __ agv -E 
at - ax v~l (2.8b) 
Where E,_ v and Ev-.J are the evaporation rate of liquid water and condensation rate 
of Water vapour respectively. 
2·3.2 Fick's Law and water vapour permeability 
This relates the diffusive mass flux of vapour to average mass velocity (Moyne 
1991 ). By introducing an empirical resistance factor to gaseous diffusion through 
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the porous media, the diffusive mass flux density of vapour relative to the mass 
average velocity is 
l v (2.9) 
Jv - the diffusive mass flux density of vapour; ]- empirical resistance factor to 
diffusion through the porous media; Dv - binary air-water vapour diffusion 
coefficient. In its modem forms, the general Fickian approach assumes that the 
moisture flow is proportional to the gradient of a moisture stat~ variables (e.g. 
moisture contents) or potential (Arfvidsson and Claesson, 2000). 
g -D(um)Vum (2 .10) 
where g is the moisture flux (kg·m-2·s-1), w is moisture content by mass, andD (u
11
J 
is diffusion coefficient which is dependent on moisture content. In the one 
dimension case , 
au l ( ) au/11] apv g = -D(um). a:l =-Dum . apv . ax 
=-k(p,)· ~; (2.11) 
Where k(p v) = D( u 
111
) • :u 111 is called water vapour permeability depending on 
Pv 
vapour pressure. For a steady state and constant k through a cylinder sample with 
section area A and length /, vapour pressure difference /).p v= Pv2- Pvl, integration of 
above equation (2.11 ): 
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l p~ 
g· fcix=g·f=-k· fdpv =-k·/1pv 
0 
(2.12) 
Or 
(2.13) 
If area of section of the cylinder sample is A, the flowed quantity of vapour 8.M [kg] 
at time ~t (s) is: 
Then 
k 
M1 =g·A·M=-,·!Jpv ·A·M 
t:M ·l 
k=-----
A ·/1! ·f1pv (2.14 ) 
The permeability of water vapour can be detennined using the above equation (2.14) 
through a water vapour transfer process under known water vapour pressure 
difference on both ends of sample. The water vapour pressure can be produced by 
equilibrium vapour pressure of salt solutions (see Chapter 3), but it should be noted 
that the penneability is dependent on vapour pressure and the penneability obtained 
by above equation (2.14) is the value at the pressure Pv· 
2
·3.3 Extended Darcy's Law 
2·3.3.1 Extended Darcy's Law 
Water transport was first investigated in soil physics in the nineteenth century. 
Darcy (1856) fonnulated a law of soil water migration as a result of experiments. In 
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isotropic porous materials, materials which do not have any preferred direction of 
flow by reason oftheir structure and in which, therefore, the flow is in the direction 
of the potential gradient, more general statement ofDarcy's Law is expressed as: 
(2.15) 
where g is the vector flow velocity (flux density) of water and Ks is a parameter 
known as the hydraulic conductivity. H is the total hydraulic head H=PI(pg)+z, 
where P is hydraulic pressure, p is the density of water, g the gravitational 
acceleration and z the height of water which produces hydraulic pressure by gravity 
of water. 
Darcy's Law was originally proposed to deal with the flow of water through 
saturated materials. It was assumed that the Darcy's Law may hold for the flow of 
water in unsaturated media in a modified form in which K is a function of water 
content. 
g = -K(u)VH (2.16) 
Or 
8H g =-K (u)-
X X ax 
aH (2.16a) g =-K (u)-
y y 8y 
8H 
gz = -Kz(u) 8z 
This is called extended Darcy's Law. Childs et al (1950, 1969) carried out 
experiments for the direct verification ofDarcy's Law in unsaturated materials. The 
applicability of the extended Darcy's Law to unsaturated building materials was 
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suggested by Gummerson et al (1979) and successfully applied by Kalimeris 
(1984), Wilson (1992) and Pel (1995) et al. 
Assuming that no evaporation occurs during water transport, namely £ 1-+v =0, 
combining equation (2.16) and the conservation law of mass equation (2. 7), we can 
write 
ou = Y' · [K ( u) V' H] 
at 
=- K(u)- +- K(u)- +- K(u)- +-8 [ 8H J 8 [ 8H] 8 [ 8H J 8K 
ox ox 8y 8y az oz az 
By introducing the variable D( u ), 
aH D(u)=K(u)-
ou 
Equation (2.17) can be changed to: 
ou = V' · [D(u)V'u] 
at 
a [ au J a [ au J a [ au J aK =- D(u)- +- D(u)- +- D(u)-a +-a 
ox ox 8y 8y oz z z 
(2.17) 
(2.18) 
(2.19) 
Equation (2.19) is another form of the extended Darcy's Law for unsaturated flow 
processes such as capillary water absorption processes caused by the gradient of 
moisture content. 
The physical variable defined by equation (2.18) is called unsaturated diffusivity, 
Which is a function of moisture content u. By comparing equation (2.18) and 
equation (2.16), the flux density along the x axis was expressed by Kirkham and 
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Powers (1972) as: 
(2.19b) 
This means that the flux of water (water flowing per unit time through a unit square 
of imaginary plane perpendicular to the x direction) is equal to - D times the 
moisture gradient, namely diffusivity determines the flowing rate of water within 
materials at any particular moisture gradient. The knowledge of diffusivity enables 
us to define the moisture flow under a moisture content gradient in a homogeneous 
material and so the diffusivity is regarded as a fundamental hydraulic parameter of 
material. 
One should be aware that the diffusivity varies with the technique need for 
determination of moisture content, whether by mass, by volume or normalized 
moisture content. For this reason, the method for determining moisture content 
should be declared when presenting diffusivity function or making any comparison 
between different diffusivity results. 
For horizontal one-dimension flow, equation (2.19) takes the form: 
8u = }_[D(u) au] 
at ax ax 
(2.20) 
Equation (2.20) is in the format of the diffusion equation. It is the fundamental 
equation describing horizontal flow in unsaturated porous materials. It can be 
numerically solved if diffusivity is known as a function of moisture content u. 
45 
Hall (1989) carried out a series of experiments aiming to investigate the effects of 
gravity and capillary force on water absorption processes. The results showed that, 
for many building materials, water absorption rates measured when place samples 
in different directions were indistinguishable because the capillarity is dominant. 
This is because ofthe relatively fine pore structures (typically 10"6 m pore size) and 
the capillary forces within construction materials are much greater than the 
gravitational force (Wilson et al, 1995). Hence, for construction materials, gravity 
may often be neglected in the analysis. This allows for vertical capillary absorption 
processes in construction materials especially the low level capillary absorption 
processes, the gravitational force can be neglected in analysis and equation (2.20) is 
still valid. In the later chapters, the effects of gravity are ignored in capillary 
absorption processes. 
2.3.3.2 Saturated hydraulic conductivity 
For saturated flow of water through porous materials, the Darcy's Law equation 
(2.15) may be rewritten as (Kirkham and Powers, 1972): 
Q=- KSA(h2 -hi) 
z2 -z~ (2.21 ) 
Where Ks is saturated conductivity. Q is the quantity of water flowing per unit 
time (mm3·min·\ A is cross section area, hr ht is hydraulic head and Zr Zt is the 
thickness of the material. The saturated conductivity is an important parameter of 
Porous material which characterizes the saturated flow rate of water in porous 
' 
materials under known hydraulic pressure. It is dependent on the microstructure of 
rnaterials and viscosity of water with solid materials. The saturated conductivity 
can be determined using the constant water head method in which the hydraulic 
Pressure is provided by gravity weight of a column of water (Wilson, 1992) 
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2.3.3.3 Sorptivity of water in capillary absorption 
It has been shown that the solution ofthe fundamental diffusion equation (2.20) for 
the case of horizontal capillary absorption of water into initially dry homogeneous 
porous material has the form (Kirkham and Pawers, 1972; Swartzendruber 1969): 
I 
x(u,t) = rp(u)t 2 (2.22) 
IJJ(u) may be calculated from diffusivity data D (u) by a procedure proposed by 
Philip (1965). Equation (2.22) is the most general form ofthe famous "t 112 Law" or 
"Jt Law" for the advance of moisture profile into a porous material. It predicts 
that, for a absorption process, the moisture profile of moisture content u versus 
distance x advances as square root of time t 112 maintaining constant shape. The 
moisture content versus distance profile, if plotted against (/J = x t -Y>, will be 
independent on distance and time and will collapse onto a u(~p) master curve. This 
Will be further discussed in Chapter 6. 
The total amount of water taken into the material by capillary absorption can be 
obtained by the integration ofthe equation (2.22): 
I I 
i(t)=t2 L' rp·du=S·t2 (2.26) 
Where S is called sorptivity. The above equation indicates that the capillary 
absorption of water has linear relation with the square root of time. This provides a 
straightforward method of measuring the sorptivity in simple one-dimension water 
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absorption experiment. Sorptivity is also an important hydraulic parameter of 
porous materials. It depends on the liquid and the microstructure of materials, and 
also the initial moisture content ofthe materials (Hallet al, 1983). 
2.4 Conclusion 
The description and clarification of gypsum plaster highlighted the physical and 
chemical properties of gypsum plasters, the composition or premixed aggregates, 
additives and salts. This will make it possible to analyse the effects of composites 
on the moisture transport characteristics and so make it possible to get new type of 
gypsum plaster products with desired moisture (water, water vapour) transfer 
properties. 
Through the investigation of SEM images of gypsum plasters, the needle-like 
crystals of hydrated gypsum compound were observed and the gypsum materials 
displayed typical fine pores, besides coarse pores, with average pore size of ,urn 
(1 o-6 m) for strong capillary pressures. The SEM images also showed different 
microstructure caused by various premixed aggregates and additives, which may 
result in different transport behaviour. For example, the widely distributed 
Alveolate-like structure within universal materials may significantly reduce the 
connectivity of pores and slow down the moisture transport processes such as 
absorption or drying rate. 
It has been shown that the unsaturated flow theory based on extended Darcy's Law 
rnight be used to describe water diffusion processes (such as capillary absorption) 
In construction materials. For construction materials, especially gypsum plasters, 
gravity can be neglected because of the fine pores and associated very high 
capillary pressure compared with gravity. In this theory, if the diffusivity as a 
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function of moisture content was known, the transport behaviour or process can be 
determined by combining both the boundary and initial condition. The diffusivity 
can be determined directly from transient moisture profiles, as will be discussed in 
Chapter 6. 
Three important hydraulic parameters, sorptivity, saturated conductivity and water 
vapour permeability, were introduced and experimental principles for determining 
the three parameters have also been presented. The importance for characterizing 
the moisture transfer of porous materials of the above three parameters, and the 
values of three parameters of gypsum plaster materials and comparison with other 
porous building materials will be discussed, determined or analyzed respectively in 
Chapter 3. 
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CHAPTER 3 EXPERIMENTAL DETERMINATION OF 
HYDRAULIC PARAMETERS OF GYPSUM MATERIALS 
Summary To provide characterisation and fundamental data of hydraulic 
parameters of gypsum plasters, this chapter presents the experimental investigation 
of gypsum plaster materials in connection with their moisture transport properties, 
specified by hydraulic parameters. Five typical commercially available gypsum 
plasters have been experimentally investigated. The hydraulic parameters, namely 
sorptivity, saturated conductivity and water vapour permeability of commonly used 
gypsum plaster materials and a type of fired-clay brick were determined by 
standardised experimental procedures. The effects of aggregates, wetting-drying 
cycles, water/plaster ratio on sorptivity have been extensively investigated. The 
results have been compared with other building materials such as traditional 
lime-sand-cement plasters, concrete and brick. Recommendations about material 
manufacturing and materials selection within the building industry are also 
proposed in this thesis on the basis of determined hydraulic parameters. In addition, 
the experimental procedures for determining the above parameters have also been 
standardised on the basis of previous related work. 
3· 1 Introduction 
Hydraulic parameters of materials characterise the moisture transport performance 
and also affect thermal properties of porous building materials in service because 
the changes of the transmittance of walls can be caused by variation of moisture 
content. They also make it possible for the building industry to compare various 
building materials and construction elements in waterproof ability, air penetration 
ability, drying rate etc. The parameters also make it possible for researchers and 
building engineers to predict the water transport rates when multi-layer composites 
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are applied in construction. Hydraulic parameters of building materials have been 
also applied in quality control in building material manufacturing such as fired clay 
brick. However, thorough literature review has revealed that systematic research 
into the various hydraulic parameters, including vapour permeability of typical 
gypsum plasters have apparently never been made. Commercially produced 
products of building gypsum plasters still have no specifications about moisture 
transport data available. This situation does not tally with the important role of 
plaster materials in the contemporary construction industry and moisture related 
problems, and results in the serious deficiency of available quality data on which 
further application of mathematical modelling depends. For these reasons, it was 
felt essential to investigate moisture related problems with plaster for both 
theoretical purposes and practical applications. 
3. 2 Materials under investigation 
The materials investigated in this section are commercially available Thistle 
premixed gypsum plasters by British Gypsum as described by Table 2.3 in Chapter 2. 
They are: (a) Universal one-coat plaster (UOP), (b) Multifinish plaster (MFP), (c) 
Bonding coat plaster (BCP), (d) Browning undercoat plaster (BUP) and (e) Plaster 
of paris (POP) which was used as reference materials aiming to compare the 
function of premixed different additives. Plaster of paris is used as reference of 
material because there is no additives added. For the purpose of comparison, the 
behaviour of a common lightweight aggregates added clay brick was also observed 
in the suction test. 
3· 3 Sorptivity of gypsum plasters and measurements 
3
·
3
·1 Short literature survey 
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Sorptivity is a basic hydraulic parameter, indicating the absorption rate of water in 
capillary absorption processes. It is increasingly being used as a measure of a 
material's resistance to exposure to fluids (especially moisture and reactive solutes) 
In aggressive environments (Lockington and Parlange, 2003). Frequently it is 
involved in the problems such as damp rising and rain penetration rates within 
porous building materials. The concept of sorptivity in porous materials was first 
introduced by Philip (1957) in soil physics resulting in the famous "Ji Law" by 
equation (2.23). 
s (3. 1) 
And 
i(t) = St ;1, (3.2) 
Where i is the mass of water taken into the material per unit area by capillary action 
after elapsed time, t, and S is the sorptivity of the material. The above equation 
indicates that the sorptivity describes the cumulative volume of water absorbed per 
unit area of the inflow face, during horizontal absorption of water into the porous 
solid of uniform section. If the mass (g) of cumulative water per unit area of inflow 
face is plotted against the square root of time (minute), a straight line should be 
obt · d · · f · · f ame . This property is used in the detennmatwn o sorpt1v1ty o gypsum 
materials. The sorptivity is a property characteristic of the material and it depends on 
the value of initial moisture content uo and final moisture content u, only, provided 
that the temperature remains constant (Kalimeris, 1984). Nonnally, uo is taken as the 
oven-dry water content, u, corresponds to vacuum saturation and the temperature is 
adjusted to 20° c by application of a small temperature correction factors. In 
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practice, the sorptivity is determined by the "Ji Law" of equation (3.2) by 
recording the inflow water i and elapsed time t. 
The early application and measurement of sorptivity in porous building materials 
Was made by Gummerson eta! (1980), Hallet al (1983) and Kalimeris (1984) et al. 
The sorptivity of commercial clay brick, some types of masonry were 
experimentally determined and the dependence of sorptivity on initial water content 
was also reported. Wilson (1992) investigated the dependence of sorptivity of 
cement paste and plasters on the amount of mixed sand. Table 3.1 presents some of 
the experimental results by Klameris (1984) and Wilson et al (1995) for some 
tyPical limestone, mortar and cement paste. In recent years, this parameter has been 
used to control the quality of brick in manufacturing (Gummerson et al 1980, 1981 ). 
In a similar way, it can also be utilised as a means of characterising the 
Table 3.1 The sorptivity of some building porous materials (extracted from 
Kalimeris 1984 and Wilson 199 2) r--
' ' 
Solid clay Lepine St. -Maximin Mortar..:: Cement Gypsum: 
Common limestone fine 1:3:13 sand Sand mix 
brick' limestone by mix
3 1:1 
I-- volume 1:3 
Volume 
fraction 0.3 0.24 0.39 0.29 0.25 -
r-Porosity 
density 
2.74 2.67 2.61 2.33 - -
__{g_ /cm3) 
Sorptivity 
6.8 s 1.19 0.99 4.6 2.57 29.7 
Cl1Unlmin 112) 
Notes: 1. By the Jackson Brick Co complied with standard: BS 3921. 
2. Mixture of ordinary Portland cement: hydrated lime: concrete sand. 
3. Water/cement ratio, w/c=0.6 
suction of the background in plastering and rendering (Wilson, 1992). As for 
commercial gypsum plaster materials, which have been dominant in the internal 
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wall in Europe and America, neither the sorptivity value nor the suction 
perfonnance have to date been specified and investigated. 
3.3.2 Preparation of samples and measurements 
In the present thesis, the sorptivity of commercial gypsum plasters was measured by 
a standardised water absorption procedure based on the method applied by Hall and 
Tes (1986) and Wilson et a! (1995) with known water-plaster ratios of samples. 
During the water absorption process, the gravitational force was neglected because 
construction materials have a relative fine pored structure and the capillary force is 
much greater than gravity force subjected on inflow water (Wilson et al, 1995). So 
the absorption water was driven only by capillary force or by gradient of moisture 
content as described by diffusion equation (2.20) in Chapter 2. 
The samples of five types of plasters were prepared as square bars, dimension 25 
mm x 25 mm x 100 nun, by utilising a designed copper gang mould (Figure 3.1 ). In 
making the paste of materials, thorough stirring ensured that a unifom1 and 
Well-mixed paste of material was obtained. Then, the pastes were poured into the 
gang mould and vibration of paste by stick and hand followed in order to eliminate 
air bubbles, confonning with BS 1192-2. Excess paste was scraped from the mould 
and then left to set in damp cloth, maintaining a humid environment to ensure there 
Was sufficient water for setting. After setting for 48 hours in a damp environment, 
the bars were removed from the mould and dried to constant weight in a 
Well-ventilated electric oven and the temperature was maintained at a temperature 
between 38-40 °C, complying with the standard requirement (BS: 1191-2) to avoid 
loss of water of crystallisation from the calcium sulphate hydrate and premixed 
retarder agents within materials. The dry masses and sizes of bars were used 
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Figure 3. 2 Schematic diagram of experimental setup for the determination of 
sorptivity through capillary absorption 
to determine the dry set densities. The effective porosity of samples was determined 
by the modified imbibition method described in Chapter 2 and equation (2.2). 
To measure the sorptivity by capillary absorption, after removal of samples from the 
oven, the samples were sealed by polythene film and allowed to cool to room 
temperature to ensure the absorption processes was isothermal. Afterward, the 
sidewalls and top face of all samples were sealed to avoid evaporation loss of 
absorbed water and to ensure that absorption is in one-dimension along the bars. The 
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bars were then placed one end in a water tray to allow absorption (see Figure 3.2). 
The cumulative increase in the mass (g) of water was determined by determination 
ofthe mass increase (to +O.OOlg) at 10 minutes intervals and the test was stopped 
after around 3 to 6 hours for high sorptivity samples (like Browning plaster) and low 
sorptivity materials (like Universal one-coat plaster) respectively. At the end of the 
tests, the waterfront had reached the top of the bars and constant weight was 
obtained as described in Chapter 2 to determine the effective porosity. The final 
mass of each sample and the time (minute) elapsed was used for calculation of 
effective porosity. From these measurements, the cumulative water absorption per 
unit area through the end of each bar was calculated and plotted against square root 
of time. The sorptivity, S, was determined from the slope of linear regression lines 
where the intercept was set to be zero. After samples were dried to constant value, 
the absorption tests were repeated again to investigate the effect of wet-dry cycles of 
materials on sorptivity. To investigate the influence of water-plaster ratio in mass 
(w/p) on the absorption behaviour, samples with higher water-plaster ratios were 
prepared and tested. 
3·3.3 Results and analysis 
Table 3.2 shows the results of both the initial value of sorptivity and that after 
Wetting-drying cycles for gypsum plasters and fired clay brick. Table 3.3 lists the 
sorptivity values of plasters with higher water-plaster ratio to investigate the effects 
ofw/p in mass on sorptivity of materials. 
(1) Comparison with other porous building materials. The initial sorptivity 
Values in TableS 3.2 and 3.3 were measured at the first absorption tests just after the 
setting of samples. The sorptivity of commercial gypsum plaster products ranges 
from 0.9 to 1.1 mm·min-112when mixed with a normal amount ofwater at which 
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Table 3.2 Sorptivities of plasters and brick 
Sample 
BCP 
UOP 
Fired clay Brick 
Water/plaster Dry set density Volume fraction 
ratio 
0.41 
0.53 
(g·cm·3) 
1.08 
1.07 
1.70 
Effective 
porosity(%) 
22.0 
17.7 
20.1 
Sorptivity(initial 
value) 
(mm ·min·112) 
0.9 
0.3 
1.2 
Table 3.3 Sorptivities of plasters with higher water-plaster ratio 
Sample Water/plaster ratio Dry set density Volume fraction 
(mass/mass) Effective porosity(%) 
MFP 0.56 1.38 26.9 
BCP 0.62 0.91 29.4 
UOP 0.65 1.00 27.2 
BUP 0.82 0.65 25.8 
Sorptivity after 1 
wet-dry cycle 
(mm·min·112) 
1.2 
0.5 
1.2 
Sorptivity(initial 
value) 
1.9 
1.6 
0.9 
2.6 
material paste just can be formed (see Table 3.2). Browning undercoat plaster 
presents higher absorption rate, similar with that of plaster of paris. Comparing with 
the sorptivity of other materials listed in Table 3.1, most of commercial gypsum 
plaster products generally display lower sorptivity, namely lower absorption rate, 
than St.-Maximin fme limestone and tradition cement-sand plaster, but similar to 
fired brick. This shows a comparable moisture transport performance of gypsum 
plaster materials in service (comparable in terms of waterproofing, low rain 
penetration rate and so on). So clearly gypsum plasters are suitable for finish layer in 
plastering of internal wall with reasonable waterproofing ability. But where gypsum 
plaster is mixed with sand, the sorptivity will significantly increase and so decrease 
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the water resistance (Tables 3.1-3.3). So premixing sand with gypsum plaster 
materials should be very carefully considered and limited in their application in 
buildings. 
(l) ".fi" Law. The absorption of gypsum plasters agrees with the "Ji" law very 
Well (Figure 3.3a), i.e. the uptake water per unit area is proportional to the square 
root of time, where the square of correlation coefficient for linear regression is better 
than 99.9% for all materials. This implies that the extended Darcy's law and its 
differential equations are able to satisfactorily describe water absorption processes 
Ill gyPsum plaster materials. As discussed in Chapter 2, in a capillary absorption 
process, the moisture profile of moisture content u versus distance x advances as 
square root of time t 112 maintaining constant shape. The moisture content versus 
distance profile, if plotted against (fJ = x t ~'\ will be independent on distance and time 
and will collapse onto a u(qJ) master curve. This feature is applied to the 
determination of diffusivity as a function of moisture content in later chapters 
(Chapters 6 and 7). 
(J) Effect of water I plaster ratio on sorptivity. The sorptivity of materials 
depends significantly on the water/plaster ratio (Tables 3.2 and 3.3 and Figure 3.4), 
and not surprisingly, this behaviour is similar with that of cements and concrete 
(Wilson et al, 1995). Furthermore, the dependence on the water/plaster ratio in 
plaster materials is much stronger when extra water was premixed with gypsum 
materials (see table 3.3), which presents the sorptivity values of materials when they 
are mixed with extra water. For example, for universal one coat plaster, when the 
Water/plaster ratio increases by say 23%, the value of sorptivity increases by up to 
130%! According to table 3.2 and 3.3, the variation of water/plaster ratios will lead 
to a result that the sorptivity of plasters could be lower or higher than that of brick. 
As a result, this can make the plaster layer act as either a water barrier or an absorber 
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Sorptivity of gypsum plasters and fire clay brick 
0 5 10 15 20 25 
--+- Plaster of paris 
--.-Bonding coat plaster 
-?IE- Browning undercoat plaster 
---- Multifinish plaster 
~Universal one coat plasteri 
--+-fired clay Brick 
(a) 
Absorption process of gypsum plasters 
3.5 
3 
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"'e 
(,) 2 
-C) 
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--+-Plaster of paris 
--.--Bonding coat plaster 
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t 112 I min 112 
......_Multifinish plaster 
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- Browning undercoat plaster 
(b) 
Figure 3.3 (a) Dependence ofintake water ion square rootoftime t 112 of gypsum 
plasters andfire clay brick; (b) "Satiate " points are indicated by "- ". 
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Figure 3. 4 Effect of water/plaster ratio on sorptivity of gypsum plasters 
(Refer to Table 3.1 and Table 3.2for the water/plaster ratios) 
compared with brickworks. The dependence of sorptivity on water/plaster ratio 
results from the fact that extra water allows the formation of more macro pores when 
the material becomes dry and the absorption rate may increase. 
(4) Effects of wet-dry cycles on sorptivity. It was discovered that the gypsum 
plaster materials displayed unexpected phenomena when experiencing 
Wetting-drying cycles: the sorptivity did not decrease as that in cement paste 
mat · · enals but became even higher. For cement paste or cement-lime-sand plaster 
materials, the so-called "self sealing effect" occurs (Hall and Tse, 1986) when the 
materials are subjected to wet-dry cycles and result in the lowering of absorption 
rate. The wet-dry cycle effect of gypsum plaster materials may be caused by two 
factors. One is the soluble feature of gypsum material. When the material gets wet 
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again after setting, a part of material is dissolved and leads to some changes of the 
microstructure and this change increases the percentage of connected pores within 
the material and so raises the sorptivity. The second factor is connected with 
re-crystalline processes. After setting, some un-hydrated gypsum material may 
exist and obstruct the routes of the pores to reduce the absorption rate. 
(5) Effect of lightweight additives. Gypsum plasters are normally premixed with 
lightweight aggregates including expanded perlite and exfoliated vermiculite (BS 
5492, 1990). Comparing with plaster of paris without any premixed aggregates, the 
lightweight aggregates in gypsum plasters reduce both the porosity and sorptivity 
(Tables 3.2 and 3.3). The results qualitatively agree with the analysis by Hall et al 
(1993) about the non-sorptive inclusions to porous materials. According to the 
analysis, the sorptivity S' after inclusion of non-sorptive aggregates has the 
following relation with the sorptivity S before the inclusion: 
{_ = [y(l- a)J/3] 
s (3.2a) 
Here y is defined by K~ = y(a)Ks (whereKs and K; are saturated conductivity 
before and after inclusion ofnon-sorptivive aggregates), a is the volume fraction of 
inclusions in bulk volume of material. As non-sorptive material, the perlite 
aggregates reduce the porosity and sorptivity when mixed with gypsum materials. 
But the results also significantly display the dependence of sorptivity on the size of 
aggregates. A typical example is the result of browning undercoat plaster and 
bonding coat plaster. Both materials were premixed with a high percentage of 
lightweight aggregates and low density observed. But because the bonding coat 
plaster was mixed with coarse aggregate, typical size 1-2 mm, that is much greater 
than the fine pores (- 10 nm), the material shows a lower sorptivity compared with 
plaster of paris. On the opposite side, the browning undercoat plaster was mixed 
62 
with fine lightweight aggregate that has comparable dimension with fine pores and 
so displays very high sorptivity. 
For the case of universal one coat plaster, it was premixed with glue like agents and 
it has been found from SEM images (chapter 2 and Appendix B) that an unique and 
commonly distributed Alveolate-like structure within materials exists which may 
significantly reduce the connections between pores and produce higher resistance to 
water transmittance by capillary action. 
(6) Validity of Sharp Water Front Model. The absorption test has shown the 
limitation of the sharp wet front (SWF) model (Wilson, 1992) when it was applied 
and extended to porous building materials in describing the capillary absorption 
processes. The SWF model assumes that the material behind the waterfront (see 
Figure 3.2) is in saturation, namely the entirety of the material will be saturated 
when the water front has reached the top of the sample. However, Figure 3.3 (b) 
indicates that the samples are still absorbing water when the waterfront reaches the 
top (positions at pointing arrows). At this time, the material is called "satiated" (see 
page 31 to 32 for the definition of"satiate state") (Hall and Tse, 1986). But it is far 
from saturated. And an apparent distribution of moisture appears as the moisture 
profile moves forward. An experimental investigation of real-time distribution of 
moisture content and more accurate models are necessary. This is further discussed 
in Chapters 6 and 7 where new model and simulations are made on the basis of 
partial differential equations (PDE); a comparison with the SWF model is also 
made. 
3. 4 Measurement of saturated conductivity 
3.4.1 Concept and short literature overview 
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The saturated conductivity describes the flow rate through a column with unit 
cross-section in the presence of unit potential gradient of hydraulic pressure. So it 
also indicates the retention ability of the material for water. The measurement of 
saturated conductivity is central to any complete determination of the liquid 
transport properties of a porous solid (Straube, 2002). As discussed in Chapter 2, 
the saturated conductivity was introduced in the extended Darcy's Law as 
expressed by equation (2.21): 
Q = -K.A(h2 -h1 ) 
zz -z~ 
The saturated conductivity can then be obtained as: 
K = -Q(Z2 -Z1 ) = -Mf·(Z2 -Z1 ) 
s A(h2 -h1 ) Pw ·M·A(h2 -h1 ) 
(3.3) 
(3.3a) 
where Q = the quantity of water flowing per unit time (mm3·min-l), A = cross 
sectional area (mm2), Ks =saturated hydraulic conductivity (mm·min-1), h2 - h 1 = 
hydraulic head (mm), Z2 - Z1 =thickness ofthematerial (mm), Mf(g) and M(minute) 
are mass of flowed water and associate elapsed time, andpw is the density ofwater 
(for distilled water, it is 0.997x 10-3 g/mm3 at temperature of22°C). 
The general conductivity in unsaturated state can be expresses as K(u)=k P w g/ ll 
kr(u) (Kalimeris, 1984), where k is called the liquid water permeabibilty, kr(u) is the 
relative permeability which varies from 0 for completely dry material to 1 for a fully 
saturated material and ll is the fluid viscosity. k is a measure of the readiness with 
which a saturated porous material can transmit a fluid regardless of the properties of 
the fluid. It is a function of the pore diameter, and depends only on the 
microstructure or matrix structure of porous materials. When the material is 
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saturated, kr(u)=l, and the saturated conductivity can be expressed as Ks= k fJ., g/ 
I]. This equation shows that the saturated hydraulic conductivity depends on the 
material matrix (k) and the properties of the moving fluids ( fJ., g/ Il). 
Because of the difficulties to determine the moisture content dependence of 
unsaturated hydraulic conductivity (Kalimeris, 1984), the saturated conductivity has 
more often been investigated as the parameter specifying the performance of porous 
building materials when subjected to hydraulic pressure. In the early stage of 
investigation ofbuilding materials, Stull and Johnson (1940) measured the saturated 
conductivity for bricks as part oftheir study of certain properties of the pore system 
in kiln-fired clay products utilising a high-pressure permearneter. Rose (1963) 
reported the values of saturated conductivity of Greenbrae sandstones and Portland 
limestone obtained by a variable head permearneter, which is more adaptable to 
materials of rather low hydraulic conductivity. Sharp (1977) reported details of a 
high-pressure permeability cell used to investigate the fluid mechanics aspects of 
the injecting system for damp proofing of a type of brick. Smith ( 1982) obtained the 
saturated conductivity of four limestone samples utilising a constant-head 
permearneter. Kalimeris (1984) determined the saturated conductivity of several 
types of lime stones, brick and mortars by applying the so-called Millington and 
Quirk method (1959, 1961, 1964) based on utilising a statistical model between the 
porosity and cross-section data controlling the flow in a porous materiaL Table 3.4 
Table 3.4 Saturated hydraulic conductivity of some typical construction materials 
(Extract from Kalimeris 1984) 
Ks 
[rnrnlmin] 
Solid clay 
Common brick 
2.25 
Lepine 
limestone 
1.51 
St.-Maximin fine Mortar 
limestone 1 :3:13 by volume 
1499.56 334.59 
Note: The density and other properties of materials can be found in table 3.1 
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lists some typical values of hydraulic conductivity by the permeability method 
(Kalimeris 1984). In the present work, the saturated conductivity of commercial 
gypsum plaster products were determined by a standardised constant water head 
method. 
3.4.2 Measurement of saturated conductivity of gypsum plasters 
The constant water head method, which was initially applied by Wilson (1992), will 
be applied and standardised to determine the saturated conductivity of commercial 
gypsum plaster materials. 
The cylindrical samples, of mean diameter 19 mm and length 20 mm were prepared 
using polythene tube templates as shown in Figure 3.5. Two samples with the same 
water/plaster ratio for each of five types of plaster were prepared. After setting for 
48 hours in humid environment provided by damp cloths, the samples were removed 
from templates and oven-dried to constant weight. One of the two samples of each 
Figure 3. 5 Preparation of cylindrical samples using polythene tube 
templates for saturated conductivity measurements. ]-plaster of paris, 
2-multifinish plaster, 3-bonding coat plaster, 4-universal one-coat plaster. 
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type of plaster was used to determine the effective porosity by the modified 
imbibition method as described in Chapter 2 and dry set density P d by gravimetric 
method, whilst the other sample of each type of plasters was used to determine the 
saturated conductivity. 
In the measurement of conductivity, the curved surface of each specimen was first 
coated with epoxy resin and then glued into the ends of polythene tubes. Great care 
was taken in coating the curved surface and gluing the interface between sample and 
tube to ensure they were fully and tightly sealed, thus avoiding leakage of water 
from the coated surface and interface between sample and tube. 
The vertical polythene tube was filled with water to provide a hydraulic head, 
maintained at a constant water level of 500 mm from the upper face of samples. The 
water that flowed through samples was collected by a bottle underneath the sample. 
To avoid evaporation loss of collected water, the gap between the bottle and 
specimen was sealed with polythene film. The elapsed time was recorded 
immediately when the water started dropping into the bottle indicating that the 
sample had become saturated. The collected water was weighed at a time interval of 
1 hour. For each weight !:1M at elapsed time D.t, the conductivity, K, was determined 
using equation (3.3a). An average value of conductivity for each sample was 
obtained within about 5 hours. 
3.4.3 Results and analysis 
Table 3.5 lists the results of saturated hydraulic conductivity for the 5 types of 
gypsum plaster products. The conductivity of gypsum plasters varies from about 
2.8 to 82 X w-7 mm·min-1• Comparing with other materials listed in Table 3.4, the 
conductivity of gypsum plaster products are comparable with those of fired brick 
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and Lepine limestone, but far smaller than those of St.-Maximin fine limestone and 
cement-lime-sand mortar. So gypsum plaster materials possess a comparably 
higher ability to retain water compared with mortar and st-maximin limestone. 
Table 3.5 Experiment results of saturated hydraulic conductivity ofplasters 
Type of Plaster Water/plaster Dry set density Volume fraction Saturated Conductivity 
ratio (g·cm·3) Effective porosity (xl0-7 mm·min-1) 
POP 0.44 1.45 18.66% 5.24 
MFP 0.37 1.44 18.31% 7.12 
BCP 0.51 1.00 21.94% 2.87 
UOP 0.54 1.03 18.29% 12.57 
BUP 0.76 0.64 22.95% 82.33 
The hydraulic conductivity values show a significant dependence on microstructure 
or the mixed aggregates of materials. The bonding coat plaster shows the lowest 
hydraulic conductivity. This is because of premixed coarse aggregates, typical size 
of 1 mm, with high percentage. The coarse aggregates are almost non-permeable for 
fluids as shown by SEM images in Figure 2.3 in Chapter 2. Figure 3.6 also shows the 
coarse aggregates at sample surface of bonding coat plaster. The plaster of paris and 
multifinish plaster displayed normal conductivity i.e. higher resistance to water 
transmittance, which resulted from finer pore dimensions than that of other 
materials. SEM images of plaster materials have shown that plaster of paris has a 
finer microstructure or smaller pore diameter compared with other plasters. This is 
because pure gypsum plaster may form better crystallisation. Multifinish plaster 
shows similar relative low conductance with plaster of paris because of less fine 
additives and fine pore microstructure. For the case of Browning plaster material, it 
was premixed with higher percentage of fine lightweight aggregates and therefore 
has the smallest dry set density, namely about 40% of the density of plaster of paris 
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Figure 3. 6 Coarse aggregates (perlite) within bonding coat plaster after 
sample. The picture was taken by optical microscope and digital camera, 
magnification x20. 
and multifinish plaster. We know that lightweight aggregates display non-permeable 
feature and their states keep unchanged after being premixed with plasters and 
setting. There is no doubt that higher percentage of fine aggregates will result in 
lower percentage of the material and produce a higher porosity as indicated in Table 
3.5 . Apparently, this type of material will show the highest saturated conductivity 
and sorptivity. 
The dependence of conductivity of plaster materials on premixed additives and 
microstructures helps to understand the transportation properties and also provides 
effective ways to control the water conductance behaviour of materials for building 
industry usage. 
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3. 5 Measurements of permeability of water vapour 
3.5.1 The concept of permeability and brief literature overview 
Water vapour transport properties of building materials are important in the 
prediction of the moisture and thermal performance of porous building materials 
and so has significant effects on comfort conditions in the built environment. For 
instance, a very low vapour permeance layer, called a vapour barrier, is usually 
required on the inside of house walls in cold climates. The difference in vapour 
pressure leads to moisture diffusion through the walls from inside to outside. The 
result is the increase in thermal conductance of each wall element and hence the 
overall thermal transmittance or U-value. 
Permeability is highly dependent on vapour pressure. Standard test methods, such as 
ASTM E96, provide a number of means to measure vapour permeability of porous 
materials. To get specification of materials on the performance of permeability, 
various vapour pressures may be applied depending upon particular climate 
environments. For example, in dry climate areas, the dry-cup method is normally 
utilized and, in contrast, in wet climate areas (particular in the UK), the wet-cup 
method is applied. The wet-cup method (ASTM E96 Procedure B) is used to 
measure the vapour permeance of a specimen exposed to relative humidity (RH) 
100% RH on one side and 50%RH on the other. The dry-cup method (ASTM E96 
Procedure A) measures the vapour permeance of a specimen exposed to 50%RH on 
one side and 0% on the other. In practice, the dry cup method is used for materials 
that will be in service under dry conditions (the average test RH is 25%), and the wet 
cup method is used for materials used in humid conditions. 
Previously, permeability determination experiments were mostly carried out for 
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wood for the purpose of making drying prediction at elevated temperatures. In 
recently years, more and more experiments have been done for other building 
materials to predict drying rate or vapour permeance at ambient temperature. 
Straube (2002) measured the vapour permeability of traditional plasters such as 
Table 3. 6 Some permeability results of building materials (extracted from Straube 
2002 and Goosens 2002). 
1:3 1 :1 :6 1:2:9 1 :1 :6 
Cement: Cement: cement:lime:sand cement:lime:sand 
Sand Lime: with siloxane MP75SL 
Sand with linseed oil repellent gypsum 
treatment treatment 
k 
(kg·Pa-1·s-1·m- 1 1.7 10.3 13.1 8.3 3.5 
x lQ-12) 
cement-sand mix, cement-lime-sand mix and straw bale stucco finishes . Goossens 
(2002) determined the permeability of a type of painted Dutch gypsum plaster, 
MP75SL. Table 3.6 lists some results for permeability for other building materials. 
It indicates that the plasters premixed with lime materials present much higher 
Permeability for water vapour and air than those without lime. Although 
cement:sand plaster has lower permeability than gypsum, it is not preferred to be 
applied to internal building walls because of very high drying shrinkage that 
produces substantial cracks following setting. These results can be applied to the 
Investigation of material selection for different climate environment in which 
vapour/air resistance of walls is required. However, although commonly used 
materials, whether in internal plastering materials or plasterboard, commercial 
gyPsum plaster have rarely been investigated for their vapour permeability. In the 
cases of internal plastering, no data of gypsum materials can be cited and used to 
compare the behaviour m vapour transmittance between traditional 
cement-lime-sand and gypsum-based plasters. The following experiments were 
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used to determine the vapour transmittance properties of typical commonly used 
and commercial available gypsum plasters in the UK. 
3.5.2 Experimental measurement 
The wet-cup method was used for water vapour permeability measurements since 
the high humidity climates are more frequent in the UK. Figure 3.7 shows the 
experimental setup for a group of samples. In the first step, round-plate shape 
samples were prepared for five types of gypsum plasters with specially designed 
round template, 78 mm internal diameter and 14 mm depth. Setting time allowed for 
the samples was 48 hours, during which the samples were covered with damp cloths 
to maintain a humid environment. After setting, the samples were removed from 
templates. The sidewalls of samples were polished with wet and dry paper for 
smoothing purposes. The top and bottom faces were also polished with fine wet and 
dry paper until flat surface and even thickness obtained. Samples were then dried to 
constant weight eliminating the extra water within materials. Ten samples for five 
tYPes of materials were prepared and then divided into two groups for investigation 
separately in two polythene containers to obtain average results. Ten polythene cups 
with similar diameters with samples were chosen and filled with distilled water to 
about 20 mrn depth to create constant 100% RH. The sample was then placed over a 
Polythene cup and glued to ensure a tight seale between the sample and cup walls. 
During the sealing process, great care was taken to ensure that no liquid water came 
in contact with the sample during handling. The ten complete cup-sample 
assemblies were placed in two sealed larger containers over a saturated salt (NaCl) 
solution, generating a constant 75% RH. Because of the difference of humidity, a 
difference of water vapour pressure between internal and external of the cups was 
Produced and maintained by distilled water inside of the cup and salt solution 
outside the cup. The large container was sealed to avoid air or vapour leakage. 
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Figure 3.7 Setup of wet-cup method for determining water vapour permeability 
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Electric fans were installed and used to speed up the process for reaching 
equilibrium of vapour pressure after the covers were removed for weighing the 
sample-cup assemblies. The sample-container assemblies were weighed twice a 
week throughout a period of two months, and mass loss of the assemblies, L1M (kg), 
or the mass of water vapour transmitted through samples was obtained. The 
temperature of the system was maintained at 22±0.5°C in a conditioning room. 
The mass L1M (kg) of transmitted vapour through samples was plotted against 
elapsed time L1t (s) and the slope (L1M /L1 t) was obtained by linear regression for 
each material. The permeability, kv (kg·Pa-1·s-1·m-1), of the sample was then 
calculated using equation (2.14): 
k = _!!M_·_l_ 
v M·A·M 
(3.4) 
where L1P is vapour pressure difference (Pa) which can be derived from known 
humidity as follows, A is area of cross-section of sample (m2), and I is the average 
sample thickness (m). 
The difference of vapour pressure L1P as function of relative humidity at a particular 
temperature can be derived as follows. The relative humidity (mathematical symbol 
!!f) at certain temperature is defined as: 
pv 
lf/=-
psat 
where P v is the partial vapour pressure on water, Psat is the saturated vapour pressure. 
If the 11f is known, the partial water vapour pressure takes the form of: 
In the wet-cup experiment arrangement, the RH inside cup is 100% (produced by 
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pure distilled water inside cup), the RH of outside cup is 75% produced by saturated 
salt (NaCl) solution. Taking the saturated vapour pressure of water at 22°C to be 
2.6442x103 N m-2 (Kaye and Laby, 1986), the difference ofvapour pressure is: 
M =~at - Pv =~at (1-lf/)=0.661x103 (N m-2) 
The values of permeability were obtained by averaging the results of two groups of 
samples. 
3.5.3 Results and discussions 
Table 3. 7 summarises the results for the chosen 5 types of gypsum plaster products. 
The permeability of gypsum plasters varies within a small range of 1.62 to 2.53. 
x 1 0-12 k P -1 -1 -1 g· a ·s ·m . 
Table 3. 7 Experiment results of vapour permeability of typical gypsum plasters 
Type ofPlaster Water/plaster ratio Permeability (xi0- 12 kg·Pa-1·s-1·m-1) 
POP 0.505 1.o2 
MFP 0.377 1.83 
BCP 0.551 2.00 
UOP 0.620 1.88 
BUP 0.739 2.53 
(I) Compared with the permeability of other building materials listed in Table 3.6, 
all the gypsum plaster materials display lower vapour permeance ability or namely 
higher vapour tightness than most other materials such as traditional 
cement-lime-sand mortar and even linseed oil treated mortars. And UK made 
gyPsum plaster is of higher vapour resistance than that of Dutch gypsum plaster 
(MP75SL). 
(2) Among the five types of plasters, Browning plaster has the highest permeability. 
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This resulted from the fact that it consisted of a higher percentage of fine premixed 
perlite aggregate forming more connected pores, allowing water vapour to be 
transmitted through the material more easily. Plaster of paris presents the lowest 
permeability because no aggregates was premixed which resulted in the smaller 
pore size distribution and high resistance to vapour transmittance through the 
material. 
(3) Compared with traditional cement-lime-sand plasters, of which the vapour 
permeability could be up to 18.9 xi0-12 kg·Pa-1·s- 1·m-1 (18.9 ng·Pa-1·s-1·m-1) (Straube, 
2002), the gypsum plasters investigated typically have much lower permeability and 
appear to be suitable for consideration as vapour barriers in cold weather. This 
feature of gypsum plaster is another advantage compared with tradition 
cement-lime-sand plasters. 
3.6 Conclusions and recommendations 
Gypsum plasters are important materials in the building industry and play important 
roles in moisture and thermal insulation in service as an important wall component. 
The hydraulic properties of materials characterise their moisture transport (drying or 
Wetting) behaviour in service in building walls. The dependence of hydraulic 
Parameters of plaster materials on premixed additives and microstructures helps us 
to understand the transportation properties of plaster materials and provides 
effective ways to control the moisture transport behaviour of materials for the 
building industry. From experimental results, some important conclusions can be 
summarised below: 
(1) Gypsum plaster products present similar or comparable absorption rate and 
hydraulic conductivity with fired brick and Lepine limestone, but display much 
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lower conductivity or higher water resistance than St.-Maximin fine limestone and 
cement-lime-sand mortars. Furthermore, all gypsum plaster products investigated in 
this thesis displayed much lower vapour permeability or higher tightness of vapour 
or air. 
(2) The hydraulic parameters are sensitive to premixed lightweight aggregates. In 
most cases, a higher percentage of premixed aggregates result in higher saturated 
conductivity and vapour permeability, but lower sorptivity than that of pure plaster 
of paris. As a result, less amount of aggregates produce higher resistance to vapour 
transmittance (better vapour barrier or say lower drying rate) and water conductance, 
but cause a higher absorption rate of water. Higher absorption rates may result in 
longer drying time for internal plaster walls in wetter situations, such as rainy days. 
However, if fine lightweight aggregates (also fine sand) was premixed, as in the case 
of Browning undercoat plaster, changes of all hydraulic parameters will be 
significantly caused by less amount crystals and more macro pores formed. 
(3) The hydraulic transport performance is very sensitive to the water/plaster ratio. 
For the case of sorptivity, a higher water/plaster ratio leads to much higher sorptivity 
values. The difference of sorptivity of materials may be up to 73% at different 
Water/plaster ratios. As a result, the values of sorptivity could be higher or lower 
than brick in different water/plaster ratios. This will cause different moisture 
transport behaviour in absorption processes (Wilson, 1992) and drying rate in 
multi-layered structures such as commonly used two layered brick-plaster walls. 
Lower sorptivity layer of walls may slow down the rain penetration rate and rising 
damp. It is recommended that in future gypsum plaster manufacturers provide 
reference water/plaster ratio for application of their products. 
(4) Similar to cement and concrete materials, the gypsum plasters investigated also 
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displayed wet-dry cyclic effects on their hydraulic properties but in different ways. 
The results show that sorptivity of all types of gypsum plasters investigated 
increased after one wet-dry cycle. The cyclic effects on conductivity and 
permeability when materials are subjected to more cycles require further 
investigation. 
Overall, the hydraulic properties of gypsum plasters play an important role in 
moisture transmittance and thermal insulation related aspects in buildings. For this 
reason, more attention should be paid to the hydraulic properties of the materials to 
be selected in order to optimise the moisture and thermal characteristics of the wall. 
Some kinds of wall structure with specified or required vapour permeability, 
absorption rate and water conductance suitable for different climate areas such as 
wet/dry and cold/hot climates are required in modem houses. The hydraulic 
properties should also be considered in manufacturing in order to obtain products 
with known moisture transport behaviour, i.e. measured hydraulic parameters. 
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CHAPTER 4 EXPERIMENTAL INVESTIGATION 
OF DIELECTRIC PROPERTIES OF MOIST GYPSUM 
PLASTERS 
Summary Aiming to provide fundamental data of gypsum materials for 
developing a real-time moisture monitoring system based on resistance sensors, 
five types of gypsum plasters were experimentally investigated by using pin-type 
electrode sensors. The problems investigated included the effects of polarization 
of materials under applied direct current (DC) voltage, temperature effects on 
resistivity, dependence of DC resistance (R) on time (t-defined in Section 4.3.4), 
spacing of electrodes and moisture content levels (u) etc;. Importantly, the 
relationship between R and u, temperature coefficient of resistivity p and back· 
electromotive force (EMF) were all quantitatively determined through regression 
technique using the experimental determined data. 
4.1 Introduction 
Electrical resistance-type moisture meters are widely employed and have proven 
to be valuable instruments for measuring moisture content and moisture gradients 
with reasonable precision (Skaar 1964). They work on the fact that the electrical 
resistivity of materials is a strong function of moisture content. The high accuracy 
and low cost of resistance type sensors suggested the priority to develop resistance 
sensor based measurement system required for monitoring moisture transport 
processes. Considering that most moisture meters successfully use direct current 
(Skaar 1964), the resistance sensor (electrodes) applied in the present research 
Was designed for DC operation. 
In the development of the resistance type moisture measuring system, the electric 
Performance and associate characterization of materials had to be determined 
quantitatively in advance. The electric or dielectric specifications of materials 
Were considered in determining the fundamental principle, system structure, 
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sensor configuration and calibration of the measuring system. Besides moisture 
content, several other factors also affect the resistance readings between 
electrodes. These factors are of two types: intrinsic factors, which affect the 
resistivity itself and those factors associated with the configuration of electrodes 
sensors used. The intrinsic factors include temperature effects, polarization effects 
and time dependence of resistance. 
An extensive literature search and review revealed that there was available little if 
any dielectric characterization data, especially direct current performance for 
commonly used gypsum plaster based materials. The main research interests 
appear to be focused on wood, concrete and cement paste (Skaar, 1964; Dai, 1999; 
Morelli, 1985; McCarter et al, 1995, 2000; Wruttington et al, 1981). However, 
these studies provided useful information for analyzing the conductance 
mechanisms and experimental methods for investigating the factors affecting 
measurement results for gypsum plasters (see Section 4.2). Through a relatively 
comprehensive analysis of electric conductance mechanism of moist materials, the 
electric properties of gypsum based materials were experimentally investigated 
and the findings are presented in this chapter. 
4.2 Analysis of mechanism of electrical conductance and factors affecting the 
measurement of moisture content 
The electrical resistance, R, of a conductor at a given temperature is directly 
dominated by three factors: 
(1) The material from which the conductor is made (resistivity p or conductivity CJ 
==lip); 
(2) The length of material (L). 
(3) The area of cross section through which the current is passing (A). 
The resistance can be calculated by the equation: 
L 1 L 
R=p-=--
A CJA 
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(4.1) 
So the measured resistance is highly dependent on the configuration such as 
dimensions and the spacing of embedded electrodes within materials. 
However, the electrical conductance processes within moist porous materials are 
relatively complex processes compared with metals. The conductance processes 
of electricity are usually associated with not only physical transport of charges 
but also chemical reactions caused by the electric field and specific composition 
of materials. So there are various factors affecting the resistance value and 
accordingly affecting the measurement of moisture content. A comprehensive 
investigation into the electrical conductance mechanism was therefore necessary. 
4.2.1 " Ionic electric conductance" of moist gypsum plasteJr materials 
Electrical conductivity through moist materials has two components: ohmic 
resistivity (conductivity) and ionic conductivity. Because the electrical resistivity 
of the materials under investigation is above 6.45 kO m, they are very good 
insulators (Whittington et al, 1981). Hence, in various porous building materials, 
namely wood, cement and concrete, the ionic conductance dominates the electric 
conductivity. 
The above observation suggested that a similar ionic conductance should be the 
case for moist gypsum plasters and this has been verified by the experimental 
results presented in the latter parts of this chapter. The hydrated premixed plasters 
consist of aggregates (expanded perlite or exfoliated vermiculate) embedded in a 
gyPsum paste matrix. The latter may be further subdivided into a solid phase of 
hydrated and unhydrated gypsum compounds and a liquid phase consisting of 
Ions in an aqueous solution within pores (see Figure 4.1). The ability of the liquid 
Phase to transport electrical charges depends on the type, concentration and speed 
of the ions available in the solution. So overall, the contribution to the electrical 
conduction through gypsum plasters may be classified into the physical structure 
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The conductance ions in aqueous solution within pores consists of three parts. 
The first is the salt content permitted by British Standards within gypsum 
products. According to British Standard, BS 1191 (1973), the soluble salts within 
Thistle gypsum plasters manufactured by British Gypsum include soluble sodium 
and magnesium salts, expressed as percentages of sodium oxide (Na20), and 
magnesium oxide (MgO) respectively, by weight of the plaster as received, and 
these range from about 0.2 % to 0.25% depending on the particular products. 
Gypsum compounds contribute the second component for ions because the 
calcium sulphate compound, CaS04 is slightly soluble in water. In addition, the 
liberation of hydrogen gas and oxygen gas at electrodes may also contribute to 
the electrical transport of materials by exchanging charges with electrodes. The 
exact ionic composition of the aqueous phase is complex and dependent on the 
type of plasters and impurities. 
The passage of electric current through liquid or electrolytes causes chemical 
changes such as discharge of an ion and causing the substance to come out of 
solution and be liberated as a deposit on the electrode or as bubbles of gas. This 
process is called electrolysis. The magnitude of a current carried by ions in 
solution, at a given temperature, is dependent on the number, speed and charges 
of the ions (Denaro, 1971; Koryta et al, 1970), which further relate to the 
material's intrinsic properties and applied electric field. 
For ionic conductance, temperature and polarization may significantly affect the 
electrical performance and this can be explained by ionic conductance 
mechanism. 
4.2.2 Temperature effect on electrical conductance 
The temperature affects the electrolytes in two ways. First, a temperature rise 
reduces the viscosity of solvents and so increases the speed of moving charges 
because the solute particles travel with a more lively random motion. Second, in 
an electrolyte, a high temperature will dissociate more ions than at a lower 
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temperature since the temperature is believed to be related to the energy required 
to dissociate conducting ions (Brown et al, 1963). It is not the purpose of the 
present research to discuss the theoretical implications of this effect. The 
temperature effect in ionic conductance results in the negative temperature 
coefficient, namely, the conductivity increases with the rise of temperature of 
solution. This feature of ionic electrical conductance is opposite to that of metal 
in which a high temperature lowers the conductance. The increase in ionic 
mobility with the increase of temperature can be predicted through the use of the 
temperature coefficient, which may be used to find the resistivity at ambient 
temperature (see Section 4.3). For compensating the temperature effect in the 
measuring system, the temperature coefficients of the materials under 
investigation should be determined in advance. 
The temperature effects depend on the particular materials (wood, concrete or 
gYPsum plaster etc). For a given moisture content and material, the temperature 
effect can be related to the activation energy, E, as defined by Davidson (1958) 
and Brown (1962), by the following equation (4.2): 
d(logp) 
dT 
E 
(4.2) 
where pis the resistivity, E is the activation energy, Rg is the gas constant and Tis 
the absolute temperature. 
Temperature changes could be caused by either changes in the environmental 
conditions or the ohmic heating. If the environmental temperature is kept constant, 
the ohmic heating dominates the temperature effect. As the ohmic heat produced 
depends on the time elapsed, the temperature effect also varies with time. When a 
DC voltage is applied to the material, several effects cause the current or 
resistance to change with time. Ohmic heating causes a decrease in resistance and 
increase of current with time. The second and usually more important effect is the 
Polarization, either at electrodes or in the materials (see next section 4.2.3). This 
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effect results in an increase of resistance or reduction of current flow with time. 
Figure 4.2 shows an example of the combined effect of these two factors obtained 
for wood. The initial decrease of resistance was due to ohmic heating, as 
indicated by the sharp rise in temperature during this period. Superimposed on the 
temperature effect was the polarization effect, which causes increase in the 
resistance with time. This effect become dominant after about five minutes and 
the resistance-time curve reversed as the resistance increased due to polarization 
effects. 
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Figure 4.2 Variation of temperature by Ohmic heating and changes of 
resistance of red oak material at about 20% moisture content, with silver 
paint electrodes and 300 V DC voltage applied (extracted from Skaar 
1964) 
Because of the dependency of resistance on time, a thorough experimental 
investigation of time dependence of resistance of gypsum plaster materials is 
indispensable for further development of the moisture monitoring system for the 
resistance-type moisture sensors chosen (see Section 4.3). 
4.2.3 Polarization effects 
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Polarization results from the changes in electrochemical structure of a dielectric 
as a result of sustaining a steady electric field. In an electrolyte subjected to the 
flow of electricity, this change may occur in the vicinity of the electrodes and in 
the bulk electrolyte (Morelli, 1985). 
Polarization of electrodes 
The polarization at the electrodes is the result of the slow process by which 
charged particles are transferred from the solution to the electrodes. With the 
accumulation of ions around electrode, the chemical reaction with the discharge 
of ions at the electrodes occurs. The discharge of ions involves three main stages 
(Denaro, 1971): (1) Transport of ions to the electrode surface; (2) Discharge of 
the ions to form atoms; (3) Conversion of the atoms to the normal stable form. 
The polarization potential caused by the transport process (1) is known as 
'concentration polarization', while (2) and (3) are termed 'activation polarization' . 
The polarization voltage U 1 at an electrode is given by the equation: 
U 1 = Uo- U (4.3) 
where U0 is the actual electrode working potential and U is the equilibrium 
potential. 
When a DC voltage is applied to the moist materials, the formation and liberation 
of hydrogen atoms from water molecules at electrodes will occur in process (3). 
2H + 2e -H2 
The accumulated hydrogen gas, or activation polarization, is believed to be the 
greatest hindrance to the application of DC current to a fresh moist material 
because of effective obstruction to the flow of charged particles to the electrode 
surface. This obstruction or called "contact resistance" (Dai, 1999), results in the 
' 
increase of apparent resistance of material. The increase of resistance may be fast 
When the DC voltage is just applied, where the gas layer around electrodes starts 
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to form. The resistance will reach a comparable stable state when higher 
resistance slows down the flow of charged particles (see Section 4.3). 
Polarization of bulk electrolyte 
Away from the electrode-electrolyte interface, a secondary polarization effect 
occurs within the bulk electrolyte. This polarization process involves the 
alignment of dipoles and other charged particles in the direction of the current 
flow. If a DC voltage is applied, this re-alignment results in a more efficient 
conductive medium while, with alternating current (AC), the continuous change 
in polarity causes a proportion of the charge to be stored in between cycle 
reversals. Bulk electrolyte polarization effects include molecular or dipole 
rotation alignment, distortion of ion sphere, charges build up on surface of 
hydrated and un-hydrated compounds where they are bound to the crystal lattice. 
Skaar (1964) investigated the back electromotive force (BEMF) caused by 
polarization in wood by measuring the residual voltage across the electrodes. The 
residual voltage was measured immediately after the removal of applied voltage. 
It was found that the residual voltage presents a decay process with time and a 5 
V back voltage opposing the applied electric field was observed for Douglas-fir 
heartwood. In addition, the effect of the magnitude of the voltage applied was 
also investigated from 1 to 100 Volts. The results showed that the DC resistivity 
decreases with increasing voltage and that this effect is most pronounced below 
~ 10 volts at which most moisture meters operate. For modem computer data 
acquisition hardware, the range of voltage input is normally under 10 or 20 volts 
and so polarization effects should be carefully considered and compensated for 
resistance type moisture measurement apparatus. 
According to Ohm's Law, current at constant temperature is proportional to the 
applied voltage and inversely proportional to resistance, I=UIR. As analysed 
above, in an electrolyte, polarization effects at the electrodes produce the back 
EMF and so reduce the conductance. In addition, the accumulation of liberated 
gas around electrodes results in increase or instability in the resistance at initial 
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stage. This may cause problems such as low accuracy and instability reading of 
moisture content values for resistance type moisture measurement systems if the 
time dependence is not properly considered. The polarization effects are 
7 
6 
5 
E 
.c 
0 
..¥ 4 
-~ (.) 
c 
"' 3 -Ill·c;; 
~ 
0::: 
2 
1 
0 
0 2 
Dependence of Resistance 
on AC Frequency in cement 
l - f1 -+- f2 f3 1 
4 
Time/hour 
tJ > f2 > f1 
6 8 
Figure 4. 3 Resistance-time dependence for cement materials at various 
frequencies of AC voltage (extractedfrom Calleja, 1952) 
sometimes minimized through the use of AC voltage and so some authors 
recommend the use of alternating voltage (McCarter et al, 2000; Hancox, 1968). 
However, the use of AC voltage needs the introduction of a network of capacitor 
and resistors (Morelli, 1985), making the theoretical consideration and calibration 
complex. Furthermore, in the AC voltage, the dependence of resistance of moist 
materials is not stable either. Calleja (1952) examined the effect that the variation 
of frequency had on resistivity. This revealed a significant dependence of 
resistivity of cement paste on the time elapsed after AC voltage applied (see 
Figure 4.3). In the research, the DC voltage was applied and polarization effects 
Were compensated as required. 
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4.2.4 Summary 
Through the analysis of mechanism of electrical conductance within moist porous 
materials, especially gypsum plaster materials, the ionic conductance of 
electricity has been clarified and the possible factors affecting the resistance 
measurement for the development of sensors have been investigated. 
Besides the dependence of resistance on the configuration of electrodes such as 
spacing (L) , cross section (A) and material types (p) as indicated by Equation 
( 4.1 ), the resistance is also affected by temperature and polarization effects. The 
temperature effect can be caused by either temperature variation of environment 
or ohmic heating of flow current. The temperature rise by ohmic heating may 
initially result in the decrease of resistance and makes the resistance time-
dependent. The polarization effect may result in the occurrence of back EMF and 
gas accumulation around electrodes which increases the value of resistance. This 
effect may produce faulty readings of resistance and may also make the resistance 
variable with time. How the resistance behaves in the particular materials of 
interests, namely gypsum plasters, needed to be fully investigated by experiment 
and the associated quantitative relationships be determined. 
Above all, for development of the resistance sensor based moisture monitoring 
system, it was essential for the R-MC relationship to be determined 
experimentally. 
4.3 Experimental investigations 
4.3.1 Configuration of pin type resistance moisture sensor 
Stainless steel rods with diameter of lmm, length 30mm were selected as the 
conductors for the resistance sensor (Figure 4.4) and embedded in pairs in the 
gyPsum plaster materials during the cast of samples (Figure 4.5). If the resistances 
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across electrode-pairs were calibrated for known moisture contents, they could 
then be used for moisture content measurement. To obtain high resolution of MC 
measurement, the diameter and length of the electrode tip were designed to be as 
small as possible and electrode-pair were positioned as close as possible, so as to 
constrain the field distribution between electrodes. The exposed tip of the 
,~ 30mm 
Silicone rubber 
0 = l.Omm, 
- - ----., .-- stainless steel 
1 5mm ,.-
Figure 4. 4 Geometry configuration of electrode probe 
Surface 5mm 
Material Pins .~~ 
Figure 4. 5 Electrode sensor embedded within materials. Re-contact 
resistance, Rw -bulk resistance. The contact resistance Rc is normally much 
greater than bulk resistance Rw (see Section 4. 3. 4) 
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electrode is 5mm and the length is 30mm; silicone rubber was applied for the 
purpose of electrical insulation of electrodes, leaving only small tip for conduction. 
Comparing with normal design of needle-like electrodes used by ordinary 
moisture meters, this design also has the ability to determine local moisture 
content at various depths within the sample, reducing inaccuracy or misreading 
caused by residual water on the surface near electrodes, thus giving more accurate 
values of moisture content. 
Each electrode pair was connected to a data acquisition (DAQ) card (CIO-
DOS48PGA by OMEGA Ltd, see Appendix C for detailed specifications) directly 
to measure the residual voltage. When an electrode pair is cormected with DAQ 
card via the interface box which can convert resistance to voltage, the resistance 
across the electrode pair can be measured. The DAQ card has 48 analogue input 
channels, the voltage input range is programmable (up to - 10 V to 10 V), the 
sampling rate is 20kHz and the input resistance is >20 MO. The control software 
was written using LabVIEW graphical programming platform (see Chapter 5 for 
details). 
4.3.2 Sample preparation and probe arrangement 
The samples were made usmg the 5 types of commercial products of thistle 
plasters, described in Chapter 2. Two samples were prepared for each type of 
plaster, size 25 mmx25 mmx102 mm by a copper mould as described in Chapter 3. 
Immediately after the plaster paste was poured into the mould and vibrated by 
hand to remove air-bubbles, 5 electrode pairs were embedded at the spacings of: 
5mrn, lOmm, 15mm, 20mm, 25mm and depth of 14mm from the electrode tip to 
the surface. To obtain the desired spacings, the electrodes were initially mounted 
on a PVC board on which holes had previously been drilled. After electrodes were 
embedded into the samples, vibration helped to ensure good contact with 
surrounding materials. One of the two samples of each kind of plasters was 
embedded with the electrodes and then left together with another sample in the 
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mould undisturbed for 24 hours, during which time the samples were covered by 
damp cloth. Samples were then removed from the mould, dried in a well 
ventilated electric oven maintained at a temperature between 38-40 °C to constant 
weight. The electrodes mounted samples were used for resistance test and others 
for dry density, porosity or absorption test. Table 4.1 shows the characteristics of 
the samples. The effective porosity was determined by the experimental procedure 
described in Chapter 2. 
Table 4.1 The measured results of specifications of plaster samples 
Water/plaster Dry density Effective porosity 
Sample 
ratio by weight g/cm3 (%) 
MFP 0.49 1.52 24.6 
UOP 0.36 1.08 22.5 
BCP 0.50 1.04 29.2 
BUP 0.77 0.67 27.9 
POP 0.52 1.36 31.7 
The moisture content of samples was obtained through absorbing a certain amount 
of distilled water at a given time. After each absorption period, the samples were 
tightly sealed by a silicone film avoiding evaporation of absorbed water. The 
samples were left undisturbed to reach moisture equilibrium at temperature 22 ± 
0.5°C. In the resistance test, it was very important for the samples to reach 
moisture equilibrium within the entire volume so that the 5 pairs of electrodes 
would be at the same moisture content level. A series of tests of the moving rate of 
waterfront were made firstly. It was found that in the counterpart samples, the 
waterfront reached the end in 8- 12 hours. To make sure that the samples reach 
equilibrium at every moisture level, the samples were left for 48 hours. The 
resistance- time dependence for electrodes at different spacing was then tested by 
utilising the developed measurement system. 
4.3.3 Measurement of residual voltage caused by polarization effect 
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As the materials are polarized, reverse electrical field with respect to external field 
and accordingly back EMF will be produced and a residual voltage opposing the 
external voltage can be observed after the external voltage removed. The back 
EMF and its dependence on applied voltage can be determined by measuring the 
residual voltage of electrodes immediately after removing the charging power 
supply. Residual voltages were measured directly by the DAQ card via a two pole 
change-over switch connecting the electrodes with the power supply and DAQ 
card (see Figure 4.6). The switching time from charging voltage to DAQ card for 
measurement of residual voltage is less then 0.25 s. 
Figures 4.7 (a), (b) show the obtained dependence of residual voltage on charging 
voltage and charging time, and its decay with time. According to the physics of 
dielectrics, the polarising field caused by polarization is proportional to the 
external field. But for moist gypsum plaster materials, ionic solution and free ions 
exist and so they are capable of conducting electricity to some extend. The 
additional field caused by polarized effects are not so strongly affected by external 
voltage as in the case of pure dielectrics materials. 
Power 
supply 
Electrodes in 
material 
DAQ Card 
&PC 
Figure 4. 6 Two pole change-over switch for the measurement of residual 
voltage caused by polarization effects 
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Figure 4. 7 Sample curves of decay of residual voltage across electrodes 
with 5 mm spacing. a- dependence on charging voltage for BCP plaster 
materials; b- dependence on charging time for UOP plaster material. 
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From Figure 4.7, several conclusions can be drawn: (1) Residual voltage depends 
on the value of charging voltage - the higher the charging voltage, the higher the 
residual voltage produced. (2) The residual voltage depends on the charging time _ 
the longer the charging time, the higher the residual voltage produced. This results 
from the fact that the moving speed of ions in moist materials is slow, where the 
longer the charging time, the more charged particle accumulated on the electrodes. 
So, in the measurement of resistance, the external charging voltage and charging 
time must be kept consistent for different electrode pairs or for measurements in 
different times so as to obtain comparable resistance values. 
For various values of applied voltages, the maximum residual voltage produced 
by polarization effect has been determined for five types of gypsum plaster 
materials. Considering that the absolute maximum input voltage of DAQ card is 
±30 V and that the common mode range of voltage is ± 10 V, applied in later 
development of monitoring system, the charging voltage is restricted from 0 to 15 
volts. The charging time was kept constant at 1 minute. The decay process of the 
residual voltage was observed by the method described above and the initial or 
maximum residual voltage U,. was determined. By changing the charging voltage 
U, the corresponding maximum residual voltage U,. was measured. For each type 
of material, the experiments were repeated twice so as to obtain an accurate 
dependence of residual voltage on applied voltage. The dependent functions of 
residual voltage on applied voltage were then obtained by fourth order 
polynomial regression of U-U,. data points for the five types of gypsum plasters. 
Figure 4.8 shows examples of the experimental dependence of U,. on U and fitted 
curves (all plotted graphs can be found in Appendix D). Table 4.2 lists the 
coefficients of the polynomial functions. These results provide the essential 
foundations and necessary data for the development of monitoring systems. 
Based on the curves in Figure 4.8 , some conclusions and deductions were made: 
(1) In the initial stages, the curves show good linear relations between the applied 
Voltage and residual voltage. When the applied voltage was increased to 5 - 7V, 
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Figure 4.8 Sample graphs showing the dependence of residual voltage on 
applied potential difference. (a)-MFP; (b)-BUP. The doted-lines present 
experimental results, and the solid lines are fitted curves with polynomial 
regression (see Appendix D for the graphs of all five types of gypsum 
plasters) 
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all gypsum plasters reached nearly saturation of polarization because of the 
rotation of dipoles or displacement of opposite charges to the maximum for the 
applied voltage. 
(2) For plaster of paris and multifinish plaster, an abnormal polarization effect 
was observed. After the saturation stage, if the applied voltage continues to 
increase, the residual voltage shows an abnormal increase which indicates further 
enhancement of polarization effects (Figure 4.8 a). The author suggests that, the 
abnormal polarization effect was caused by the fact that the material investigated 
is not a pure dielectric, but a mixture of water based solution and solid hydraulic 
plaster and impurity materials. These different materials (molecules) have 
different polarization properties (i.e. different relative permittivity c:) and need 
different "activation energy" for the electric dipoles to rotate or molecules to be 
polarized. At higher applied field, these molecules became polarized and make a 
contribution to polarization effects. 
(3) The fitted functions of residual voltage (Ur)-applied voltage (U) curves for all 
five typical gypsum plasters have been obtained by the polynomial regression 
method. After the comparison of correlation coefficients obtained from 
polynomial regression at different orders, the fourth order polynomial function 
Was found to be the best. It has the following format: 
(4.4) 
The functions determined by equation (4.4) and Table 4.2 were used for the 
moisture monitoring system (next chapter) for the purpose of compensating 
Polarization effect of materials. 
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Table 4.2 The coefficients for U,.-U functions in equation (4.4) obtained by fourth 
order polynomial regression for the five different materials tested 
Square of 
materials a b c d e correlation 
coefficient R2 
BCP 0 -0.0001 -0.0065 0.3012 0.0213 0.9957 
MFP 0.0002 0.0003 - 0.0533 0.5026 -0.0318 0.9519 
UOP -0.0002 0.0062 - 0.0573 0.3373 - 0.0168 0.9952 
BUP -3 X 10-6 0.001 -0.032 0.3652 -0.0011 0.9934 
POP 7 X 10-5 0.0009 -0.0379 0.3224 - 0_0178 0.9986 
4.3.4 Dependence of resistance/resistivity on time and spacing of electrodes 
In the measurement of resistance of gypsum plasters, stainless steel pins 
described in Section 4.3 .1 were used as the resistance sensor and embedded as 
pairs within the gypsum materials. The electrode pairs were connected to the 
DAQ card via a resistance/voltage convert circuit (see Figure 4.9). The control 
software is written in LabVIEW (see Chapter 5 for details). In the data 
acquisition processes, the delay of data reading, count number, range and input 
channels are all programmable. The resistance across electrodes was calculated 
automatically by the software and displayed in real-time on the screen. 
The measurement and calculation of resistance should be compensated by 
considering the polarization effect. By considering the back EMF caused by 
Polarization effects, the equivalent circuit is shown in Figure 4.1 0. The measured 
Voltage U = Ux+Ur. where Ux is voltage drop on resistance and U,. the back EMF 
caused by polarization of material. Then the following relationship can be 
obtained: 
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(4.5) 
where the Uo is the applied external potential. Rearranging, the resistance is given by: 
(4.6) 
Combining the dependence of Uron U in equation (4.4), Table 4.1 and equation 
( 4.6), the resistance across the electrodes can be calculated automatically by the 
control software. 
Figure 4.11 shows the results on time dependence, spacmg dependence for 
different gypsum plaster materials measured by the measuring system described 
above. From the curves, the following conclusions can be obtained: 
(1) Dependence of resistance on time and the "30 second rule". 
When an external DC voltage is applied to a gypsum sample, several effects 
occur which may cause the current or apparent resistance to change with time. As 
previously mentioned, one is due to ohmic heating effects and possibly causes an 
increase of temperature, which may reduce resistance. Another effect is the 
accumulation of hydrogen gas, which can effectively obstruct the flow of electric 
charge to the electrode surface. Figure 4.11 shows the combined effects in two 
example samples and indicates that the resistance increases quickly with time 
from the initial stage and trend to a stable value. 
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Figure 4.11 Two examples of the time dependence of resistance of 
plasters at different electrode spacings. (a) -BUP, (b)- POP. Environment 
temperature is ambient temperature in conditioned room, 22 +0.5 °C. 
(Graphs for all five types of gypsum plaster materials are in Appendix F) 
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The results indicate that, in gypsum plaster materials, the obstruction by the 
librated hydrogen gas for current flow dominates the processes because ohmic 
heating does not have a significant effect on the electrical behaviour of materials. 
This may result from the fact that the dry gypsum plaster materials have higher 
percentage of crystallized water, about 21 % by weight, which limited ohmic 
heating and only very slightly affects the resistance. As for the ohmic heating, the 
low DC voltage (9 V) constrains the heating power in materials with high 
electrical resistance ( ~ 103 to 106 ohm), and not able to significantly affect the 
temperature and associated resistance variation. In contrast, the temperature 
increase observed in wood (Skaar 1964) was caused by high DC voltage at 300 V 
producing a high level of heating. 
As shown in Figure 4.11 , the resistance of most gypsum plasters increases 
quickly in the first 15 to 30 second time after which the resistance reaches A 
relative stable value. So, the resistance reading after 30 seconds of time is 
relatively reliable and can be used as the characteristic resistance at A particular 
moisture content value. This was labelled the "30 second rule" in the later 
applications of resistance measurement. 
(2) Dependence of resistance on electrode spacing 
The effects on resistance of electrode spacing were investigated by embedding 
electrode pairs at separations (or spacing) of 5 mm, 10 mm, 15 mm, 20 mm and 
25 mm (see Figure 4.11 and Appendix E for all graphs of five types of materials 
and different moisture content levels). Figure 4.12 shows the resistance -
electrode spacing dependence of gypsum plaster materials. In these graphs, the 
"30 second rule" was applied to determine the resistance at different electrode-
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spacing. As shown on the graphs, for most materials (Figure 4.12 (a) to (d)), the 
small slopes of the linear regression functions indicate slight dependence of the 
resistance on the spacing of electrodes. The large intercepts implied that the 
resistance would be kept at a large value when the separation/spacing of 
electrodes approach zero at which the bulk resistance does not contribute to the 
total resistance across the electrodes. Hence, the contact resistance is much 
greater than bulk resistance and so dominates the resistance across electrodes, or 
the contribution to the resistance from the immediate vicinity of electrodes would 
dominate the contact resistance. This behaviour of gypsum materials is similar 
with that in wood at which the resistance is dominated by the moisture condition 
in the vicinity of electrodes (Skaar, 1964; Dai, 1999). However, plaster of paris 
(POP) material present significantly different behaviour (Figure 4.12 (d)) from 
other gypsum plaster materials. The much higher slope (3.3337 kQ/mm) indicates 
that the resistance of POP is highly dependent on the spacing of electrodes (also 
see Appendix E for more graphs of POP). Comparing with the resistance of 
28.143 kQ at 5 mm electrode-spacing and 109 kQ at 30 mm electrode-spacing, 
the intercept of linear regression is only 4.662 kD, which indicates a small 
contact resistance. So, for PP material, the total resistance across electrodes has a 
good linear relation with electrode-spacing with small contact resistance. The 
bulk resistance could be much greater than contact resistance when electrode-
spacing was increased, or the resistance is dominated by both the bulk moisture 
state and vicinity of electrodes. Because of the dependence of resistance on the 
spacing, especially in POP materials, it was clear that the electrode-spacing or 
arrangement of electrode sensors within materials should be carefully set to 
ensure that the measured resistance across electrodes uniquely represents the 
local moisture content in moist materials. 
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4.3.5 Experiments to determine the temperature coefficients of gypsum 
plaster materials 
The effects of temperature on resistance of materials were investigated for five 
types of gypsum plasters. Temperatures of 6 °C, 15 oc were obtained by 
refrigeration and temperatures of 30 °C, 40 oc, 50 °C were obtained in an 
temperature controlled oven while the temperature 22 oc was ambient. The 
sample was tightly sealed (to reduce loss of water) during heating or cooling until 
temperature equilibrium was achieved. After removal of the sample from the 
oven or refrigerator, measurements were immediately taken and completed within 
1-2 minutes. 
Five samples for different plasters were heated or cooled down and at equilibrium 
temperatures the resistance was measured. During heating or cooling, the samples 
Were tightly sealed to maintain constant moisture content and at each temperature, 
the resistance-time dependence was measured. Figure 4.13 showed two examples 
of the resistance-time dependence curves at various temperatures. The results 
clearly showed the effect of the negative temperature coefficient and confirmed 
the mechanism of the ionic conductance mechanism analysed in Section 4.3 .. For 
negative temperature coefficient materials, the temperature dependence of 
resistivity on temperature can be expressed as: 
Pe 
Pt = 1 + a(t - 8) (4.7) 
Where e is a reference temperature, Pe is the resistivity at e oc, Pt is resistivity at 
toe and a is the temperature coefficient of the material. In the present thesis, the 
reference temperature e was set to be the ambient temperature 22 o C. 
105 
Temperature effect of resistance of Bonding coat plaster 
70 
E 60 
.s:::. 
0 50 ,.... - T=6C 
~ 40 
-(I) - T=14C 
u 
c: 30 
.s 
Ill 20 
'iii 
- T=22C 
~ 
- T=31C 
(I) 10 0::: - T=40 
0 
0 20 40 60 80 
Time/second 
(a) 
Temperature effects resistance 
of multifinish plaster at about MC=12 .54% 
14 
- T=6C 
Ill 12 E ~ ..c: 10 0 ~-~ . .. .. ··· · ·· ··· ·· ... . 8 
.... ··· 
··· ·· ·· ··· ···· ·· 
+---~~----~~--~ 
I ~ ~=---~~~:::::::::::::::d - -T=15C 1- ---1 + --T=22C 
(I) 
u 6 
---
c: ,.,.. 
CIS 
.... ~ Ill 4 
'iii ~ (I) 
0::: 2 
0 
0 20 40 60 80 100 
Time I second 
(b) 
Figure 4.13 Two example graphs showing the temperature effects on 
resistance of bonding coat plaster(BCP) and multifinish plaster(MFP) 
(see Appendix F for the temperature effects of all gypsum materials) 
The resistivity of gypsum plaster materials at different temperatures was 
determined by comparing the resistance of salt solution with known resistivity by 
using the same electrodes configuration. For a given electrode configuration, 
namely the same pair of electrodes with the same spatial relative position, the 
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resistance across the pair of electrodes is proportional to the resistivity of the 
materials or solution in which the electrodes were embedded. The resistance may 
be expressed as R = k P , where k is the constant of proportionality. By 
considering the measured resistance and the known resistivity of the solution the 
coefficient can be determined. A sodium chloride solution was first prepared and 
then its resistivity was determined utilizing a standard conductivity meter 
(HI8820 Bench Conductivity Meter made by Hanna Instrument, Italy). Then the 
electrode pair was merged into solution in the same way as it was embedded in 
moist materials. Afterwards, the resistance, R, across the electrodes was measured 
and recorded and the value of k was then determined. The resistivity P was then 
calculated by the equation p =Rik. 
Table 4.3 indicates the temperature coefficients of various plasters. According to 
the electric conductance mechanism, temperature effects rely on the change of 
concentration of charged ions for carrying current charges when the temperature 
changed. Among the five plasters, plaster of paris has the lowest value of 
temperature coefficient and the multi finish plaster the highest. The low value for 
the coefficient of plaster of paris appears to be reasonable because no aggregates 
Was premixed in this plaster and so it has the lowest level of impurity and 
accordingly the lowest conductance ions. 
Table 4.3 Temperature coefficients of five types of plasters 
Type of plaster 
Temperature 
coefficient I K -1 
POP MFP 
0.0294 0.1227 
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BCP 
0.0402 
UOP BUP 
0.0322 0.0464 
The slightly soluble feature of gypsum dominates the conductivity of POP 
material. Temperature changes could not cause significant change of diluted 
charged ions and so results in a lower temperature coefficient. Other plasters, 
typically multifinish plaster, were premixed with lightweight aggregates and have 
higher concentration of salt and other impurities. The concentration of ions 
available for conduction ions will have high dependence on temperature and so 
result in higher temperature coefficients, especially multifinish plaster of which 
the coefficient is nearly six times higher than plaster of paris. From the results and 
analysis, two conclusions can be obtained. First, the negative temperature 
coefficients of plasters clearly indicate the ionic conductance mechanism of 
gypsum plasters. Second, the conductance was dominated by additives which may 
change resistivity significantly. The temperature coefficients obtained here was 
applied in the moisture monitoring to compensate for the influence of temperature 
effects. Because the Resistance-Moisture content calibration had been made at 
temperature 22±0.5°C, the resistance value at other temperature was converted 
into the value at the temperature before being used to calculate the moisture 
content. 
4. 3. 6 Calibration of Resistance (R)-Moisture content (MC) dependence 
On the basis of the investigation into polarization effects, temperature effect and 
time dependence of resistance, the most important R-MC relationships were 
determined by experiments for different gypsum plaster materials. The 
determinations of these relationships are also calibration processes for the 
measurement of moisture content by using resistance type sensors. 
The plaster samples were prepared following the same procedure and 
specification as those used for the investigation of polarization and temperature 
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effects in Section 4.3.2 as specified in Table 4.1. The same specifications were 
applied in sample preparation to ensure the validity of the residual voltage 
obtained and the temperature coefficients in Sections 4.3.3-4.3.5. Two samples 
for each type of plasters were prepared and three pairs of electrode sensors were 
embedded in each sample with 5 mm spacing of electrodes in each pair and 15 
mm apart for adjacent pairs. 
Following sample preparation, various moisture content levels of samples were 
obtained by absorbing distilled water processes. The MC is determined by 
weighing the dry and wet weight of samples using a high precision electronic 
balance. At each MC level, the samples were tightly sealed and left for two days 
to reach equilibrium in a conditioned room where the temperature was maintained 
at 22 + 0.5 ° C. Then, the resistance-time dependence was monitored by the 
measuring system shown in Figure 4.9 for each pair of electrodes over the time 
period of about 150 second. 
Using the "30 second rule" (see Section 4.3.4 for its definition), the resistance for 
each sample was recorded and an average value obtained from three resistance 
values from the three pairs of electrodes in each sample. The same procedure was 
repeated, and another average 30 second resistance value can be obtained for the 
second sample of each material. By varying the moisture content of the two 
samples for each material two sets of the resistance-moisture content dependence 
' 
data were obtained and plotted. Appendix G presents the resistance (R)-moisture 
content (MC) dependence curves for the materials. The curves show that the 
resistance across the 5 mm-apart electrode pair may vary from 20 kn in the wet 
state to 9000 kn for its dry counterpart, indicating that the dry solid gypsum 
materials can be considered as insulation materials. 
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To realize automatic measurement of moisture content from resistance values, the 
R - MC dependence functions must be determined. Because of the key importance 
of the R - MC functions in calculating the moisture content, the regression must 
be carefully made to obtain the best results. To obtain the optimised functions, 
three regression procedures were tried including lnR - lnMC linear regression, 
1/lnR - lnMC linear regression and 1/lnR - lnMC polynomial regression. 
Previous researchers suggested that the logarithm of resistance has the following 
linear relation with logarithm of moisture content (Dai 1999) for wooden 
materials: 
lnR = a lnMC +b (4.8) 
where a and b are dimensionless constants. Table 4.4 shows the correlation 
coefficients where the data is fitted using equation (4.8). The low R2 values 
indicate that, for gypsum plaster materials, lnR and lnMC do not have a strong 
linear relationship. The low correlation coefficients obtained will result in a large 
error if equation ( 4.8) is applied for calculating the moisture content. 
Through observation of the trend of lnR - lnMC dependence curves, a linear 
relation between lnMC and the inverse of lnR is assumed between MC and R as 
Equation (4.9): 
1 
-=clnMC+d 
lnR 
(4.9) 
Where c and d are constants obtained by regression, then much better correlation 
can be obtained (see Table 4.5). Figure 4.14 shows the measured resistance-
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moisture content dependence data for five types of gypsum plaster materials and 
the regression curves. But for POP material and MFP, the regression results are 
still not very satisfactory because of the low correlation coefficients. 
Table 4.4 Correlation coefficients when regression using the linear relation: 
lnR =alnMC+ b 
Materials BCP MFP POP UOP BUP 
a -1.4063x -1.6265 -0.9265 -1.2262 -0.6397 
b 6.9452 7.0365 5.7426 7.2395 5.5334 
R.l 0.8281 0.8437 0.726 0.9412 0.9023 
Table 4.5 Correlation coefficients when regression using the linear relation: 
1/lnR = clnMC+ d 
Materials BCP BUP MFP POP UOP 
c 0.0522 0.0407 0.0607 0.0366 0.0361 
d 0.1569 0.157 0.1631 0.1855 0.1498 
Rl 0.9593 0.9603 0.9169 0.8189 0.9434 
As the third trial, three order polynomial regression for the 1/lnR - lnMC curves 
were also made with formula ( 4.1 0). 
(4.10) 
The regression curves and the regression coefficients were shown in Figure 4.14 
(solid lines) and Table 4.6 respectively. Table 4.5 shows the very high correlation 
coefficients obtained. The polynomial regression results for gypsum plaster 
materials showed that the good linear relation between lnR and lnMC for wood 
materials is no longer valid for gypsum materials and more complicated 
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with formula 1/lnR c lnMC + d 
polynomial regression has to be made to obtain satisfactory correlation 
coefficients. 
For obvious reason, the polynomial regression results for R MC dependence was 
applied to the developed monitoring system for moisture transport in Chapter 5. 
Table 4. 6 The third order polynomial regression results for 1 llnR -lnMC dependence 
Square of correlation 
al a2 a3 a4 
coefficient R2 
BCP 0.0003 -0.0102 0.0776 0.1542 0.9973 
MFP -0.0091 0.028 I 0.0632 0.1157 0.9797 
UOP -0.0004 0.007 0.028 0.1331 0.9938 
BUP 0.0097 0.085 0.2768 0.0453 0.997 
POP 0.0032 -0.0283 0.0888 0.1898 0.9937 
4. 4 Conclusions 
From the experimental investigations and subsequent analyses of electrical or 
dielectric properties of commonly used gypsum plaster materials, several 
important results were obtained which were then used in the development of the 
monitoring system (Chapter 5) for transient moisture profiles of isothermal 
moisture transport processes. 
(1) From the investigation of dielectric properties, the conductance mechanism of 
gypsum plasters was made clear, namely, the conduction of moist gypsum plaster 
materials is ionic conductance, which implies the strong effects of polarization, 
temperature and time elapsed on the resistance of materials. 
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(2) Through the measurement of residual voltage, the polarization effects were 
quantitatively investigated and regression functions between applied voltage and 
residual voltage were obtained for five types of gypsum plaster materials. This 
result can be used in moisture content measurement utilizing the resistance-type 
moisture sensor to compensate polarization effects when a DC voltage was 
applied. 
(3) The resistance or resistivity of moist gypsum materials is also dependent on 
environmental temperature changes. But temperature effects caused by ohmic 
heating have not been observed. This is possibly because of the high percentage 
of crystallized water within hydrated gypsum, which absorbed the limited heat 
produced by ohmic heating. The temperature coefficients of resistivity were 
determined for gypsum materials. These coefficients can be applied to 
compensate temperature effects on resistance. 
(4) The resistance-time dependence was qualitatively investigated for gypsum 
materials. The results show that the resistance across electrodes in moist gypsum 
materials increases dramatically at the initial stage of charging when a DC 
Voltage is applied, but reaches a reasonably stable state after 30 seconds time. 
This suggests that it is reasonable and reliable to use the resistance value at half a 
minute after starting charging to define the characteristic resistance. In 
measurements, the resistance values were determined using the "30 second rule" 
in the present thesis. 
(5) The investigation on resistance-spacing dependence revealed that the 
resistance across electrodes for most gypsum materials is only slightly affected by 
spacing of electrodes and it is dominated by the local moisture state at which the 
electrode sensor is embedded. But for POP materials, high resistance - electrode 
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spacing dependence was observed indicating small contact resistance compared 
with bulk resistance. 
( 6) The resistance (R)-moisture content (MC) dependent functions of five types of 
gypsum materials were quantitatively determined or calibrated through data 
regression techniques. These functions will be applied as the fundamental 
calibration equations in the automatic calculation processes by software for the 
monitoring system described in the next chapter. 
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CHAPTER 5 DEVELOPMENT OF A MONITORING SYSTEM 
FOR MOISTURE TRANSPORT PROCESSES 
Summary Following the detailed review of the current experimental techniques for 
the monitoring of moisture transport processes, a 20-channel monitoring system 
for the investigation of one-dimension moisture transport processes in uniform and 
two-layered composites was successfully developed. The system was built on the 
bases of resistance sensor array calibrated by utilising the comprehensive 
experimental data of electrical properties determined in Chapter 4. The apparatus is 
an integrated system with both data acquisition and data treatment using 
multifunctional control software developed with the Lab VIEW software package. 
Temperature and polarisation effects were both compensated using the previously 
obtained results of temperature coefficients and back EMF. A preliminary test of 
the monitoring system has been performed for an absorption process and the 
uncertainty and the factors causing errors are also discussed. 
5.1 Introduction 
Real-time monitoring of moisture distribution as a function oftime is fundamental 
for detailed examination of the transportation problem. On the practical side, the 
monitoring of transport processes through materials or multilayer composites 
reveals the true transport behaviour within the particular materials or composites 
to predict wetting or drying rates that are useful for waterproofing or moisture 
proofing work Because the moisture states also affect the thermal performance of 
building walls (such as the thermal transmittance) (see Chapter 3), the monitoring 
of moisture transport is also important for building design for the purpose of 
energy saving of buildings. On the theoretical side, the monitoring of moisture 
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transport processes may provide indispensable data to determine the diffusion 
coefficients of materials for mathematical modelling and computer simulation of 
mass transport problems to explain the transport mechanism and to predict new 
transport phenomena. 
In this chapter, a review of the current moisture sensors and techniques/methods 
for monitoring moisture transport is firstly made to highlight the situation 
including the advantages and any limitation. The author's newly developed 
monitoring system based on the pin-type resistance sensor array is then described. 
This monitoring system is an integrated system, which combines data acquisition 
and data treatment by which the transient moisture profiles can be easily obtained 
automatically in real-time for one layer uniform materials or dissimilar 
two-layered composites. The control programs were written by the graphical 
programming platform in Lab VIEW. The temperature effects, polarization effects 
and time dependence of resistance of materials investigated are all considered on 
the bases of the electrical properties of gypsum plaster materials investigated in 
the previous chapter. The uncertainty and factors causing errors are also discussed. 
This newly developed system can be easily extended to monitor 2 or 3-dimension 
moisture transport problems if the sensor array is properly embedded within the 
materials under investigation. 
5.2 Review of current monitoring techniques for moisture transport 
5.2.1 Techniques for moisture content (MC) measurement 
Various methods have been applied to estimate the MC in building materials. 
Some of these are shown in Figure 5 .I. Generally, the measurement methods can 
be classified into destructive and non-destructive methods. 
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5.2.1.1 Destructive methods 
Destructive methods normally directly measure the amount of water within 
materials. So they are reliable and highly accurate and are frequently applied as 
standard or reference methods to calibrate other measuring methods. 
The commonly applied destructive methods include oven-drying method and 
chemical methods. The oven-drying method (also called gravimetric method) 
determines moisture content by 
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Figure 5.1 Methods for moisture measurement (extracted from Dai, 1999) 
measuring the wet weight and then the dry weight after oven drying. As a rule this 
is the most "exact" or reliable method, but it is time-consuming (typically 20 to 60 
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hours depending on species and MC level) (Dai, 1999) and requires the samples to 
be cut from materials. It is often used as reference for calibration. The chemical 
methods include the distillation method, titration according to Karl Fischer and 
acetylene production as explained in Skaar (1988), Harrison (1998) and CIRIA 
(2000). 
Destructive methods can gtve good results and are well suited for moisture 
measurements of solids, such as wood, plasters, cement and brick etc, but are not 
practical for use in large samples, particularly those of high moisture content (Dai, 
1999). Because oftheir destructive feature, these methods are all destructive to the 
objectives under investigation, time-consuming for operation and so are most 
suitable for laboratory applications. 
5.2.1.2 Non-destructive measurement methods 
Non-destructive methods work on various physical principles of interaction of 
materials (including electromagnetic field) with moist materials or work on the 
dependence of physical characteristics of materials on moisture. Non-destructive 
methods are clearly desirable for the processing industries. They usually employ 
moisture sensors/probes of which the physical characteristics are sensitive to the 
amount of moisture/water within porous materials. Because the non-destructive 
methods do not directly measure the amount of water, advanced calibration 
Processes are required. Some commonly applied non-destructive techniques are 
next listed. 
The photon attenuation method 
This measuring system, using a narrow gamma-ray beam, scans the sample, which 
are moveable along a transferring belt. The moisture measurement is based on the 
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photon absorption technique, where the difference of the linear absorption 
coefficients of the moisture and dry sample is measured. The method does not 
require the knowledge of the specimen thickness, but the density affects the 
measurement accuracy. Tiitta et al (1993) solved the problem by using the density 
estimation method, which is based on the measurement of the linear attenuation 
coefficient of wood. In addition, health and safety protection from gamma 
radiation is a serious concern during apparatus setup and operation processes. 
Microwave method 
The microwave method utilises the electromagnetic waves in the frequency range 
1 to 100 GHz which interact with the (mainly free) water within materials. It works 
on the fact that the absorption of microwaves is dependent on the amount of water 
present and other materials such as dissolved salts have relatively small effects. 
The density of materials is normally a strongly influence on the absorption of the 
microwave (Assenheim, 1993) and the applied frequency is also a factor affecting 
the absorption rate. Meyer and Schilz (1980) discussed the dielectric behaviour of 
moist matter at frequencies greater than 8 GHz and showed that for certain 
materials density independent calibration functions can be derived experimentally, 
allowing a determination of moisture content solely from single frequency 
measurements. 
Depending on the arrangement of the transmitter and receiver aerials as well as the 
applied microwave radiation (continuous or pulsed), the microwave methods can 
be classified into several types: 
(1) Microwave transmission method. Transmitting and receiving aerials are 
situated on opposite sides of the investigated materials (only thin section can be 
used). The moisture content results from the measurements of either the phase 
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shift with continuous microwave or the transit time of microwave pulses and the 
damping on the materials. 
(2) Microwave reflection method. With the use of microwave pulses, only one 
aerial needs to be applied to transmitting and receiving waves. The moisture 
content is obtained from the transmitting time of the microwave pulse which are 
reflected from the underside of the surface on which the material rest. 
(3) Time range reflectometry. In this case, a metallic fork probe is inserted into the 
material to be investigated. From the measurement of the transit time of a short 
electric pulse along the probe, the dielectric constant of the surrounding materials, 
closely related to the moisture content, is determined. This method is normally 
suited to the determination of moisture content of substances, such as sand. It 
recently has been applied to long-term moisture monitoring for concrete using 
embedded microwave frequency sensors operating at 1 GHz (Malan, 2002, 2004). 
Infrared reflectography 
This method utilises the damping of the infrared radiation by the absorption bands 
of the water molecule in the wave length range from 1 to 5 11 m. The reflected 
infrared radiation from surface of materials is measured point by point with an 
infra-red camera and transformed into a pictorial presentation. This method has 
been improved by using differential infrared absorption (Cornell and Coote, 1972) 
to eliminate the temperature effects of materials and non-directional diffuse 
scattering from the material surface. Infrared reflectography techniques can only 
provide moisture information of near surface material because of the low 
penetration power of radiation (a few microns). Furthermore, it is not suitable for 
materials with poor reflection of infrared radiation. 
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Neutron scattering 
This method works on the fact that, in the collision of a fast neutron (1 0 ke V) with 
a hydrogen nucleus, the greater energy loss occurs with nuclei of comparable mass 
(hydrogen). The number ofthermalised neutrons (slow neutrons) is measured with 
a detector and represents a measure of the presence of hydrogen nuclei. Apparently, 
this method cannot distinguish hydrogen in water molecules from various 
hydrogen in other compounds. In addition, safety considerations also prohibit the 
use of neutron resources. 
Thermal conductivity method 
The basis of this method is that thermal conductivity is strongly correlated with 
moisture content (Dai, 1999). After calibration of moisture content of material 
with material's thermal conductivity, a small thermistor sensor/probe may be used 
to measure the local moisture concentration (Woodbury and Thomas, 1985). But 
experimental results showed the poor correlation of thermal conductivity and 
moisture content at high MC levels (Woodbury and Thomas, 1985) and the 
thermal properties of materials clearly also depend on many other factors such as 
density making the method difficult to employ generally. 
Nuclear magnetic resonance (NMR) 
The NMR imaging method may be the best technique in the capability of 
resolution at present compared with other methods. Its resolution can be to 1-2 mm. 
The basic principle of this method was briefly introduced in Chapter 1 and will be 
further discussed in the next section for its application in monitoring moisture 
transport. 
Electrical methods 
Electrical methods make use of electrical properties of materials, which depend 
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considerably on moisture content. These include measurement of electrical 
resistance, dielectric constant and radio-frequency power loss. There are two 
general types of electrical methods for moisture measurement in use including 
capacitance and resistance techniques. 
The capacitance method works on the fact that, the water molecule is highly 
polarised and so that water has very high relative permittivity c: r (around 80 for 
bulk water) compared with dry materials (3< c: r<5). Capacitance is directly 
proportional to the permittivity of material between the plates and so strongly 
affected by the moisture in materials under investigated. This fact forms the basis 
of a large number of commercial moisture meters for wood, concrete or plasters. 
Because the electric field is stronger nearer the surface of the moist material, the 
reading is predominantly related to the moisture content near to the surface. In 
addition, the measured moisture levels can be greatly distorted if there is surface 
condensation, as discussed in James (1975, 1986). 
The resistance-type moisture meter is based on the high dependence of resistance 
on moisture content. The resistance of material may vary from several kilo ohms at 
saturation to tens of megohm at its oven-dried counterpart, as seen for gypsum 
plaster materials described in Chapter 4 of the present thesis. Figure 5.2 shows a 
typical pin-type resistance moisture meter. 
The resistance moisture meter usually applies two pins, 2 to 3 em apart, acting as 
electrodes. The electric current across the electrodes is directly correlated with the 
moisture content in the electrode area. This type of moisture meter may also be 
used to investigate the existence of a moisture gradient within a sample by using 
insulated needles and enter into different depth (Jazayeri, 1999). Because of the 
low cost, measuring effectiveness and easy handling, the most widely used 
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moisture meters are the resistance-type and they are invaluable in making 
Handle 
Figure 5. 2 A typical hammer-electrode for resistance-type moisture meters. 
The electric current between the pins gives an estimate of the moisture 
content in the area of the timber between the pins of the electrode. 
comparisons of dampness provided the same material is used throughout (Oliver, 
1997). As the electric resistance of moist materials is affected by factors such as 
temperature, polarisation and species of materials, comprehensive compensation 
for the involved factors should be made to obtain satisfactory measurements of 
moisture content. 
5.2.2 Current method/techniques for monitoring moisture transport 
processes 
The challenge in monitoring moisture transport processes is to be able to monitor 
and record the moisture content distribution within the interested domain as a 
function of time. These transient moisture profiles can reveal the true processes of 
moisture transport within materials and provide fundamental data for determining 
the moisture diffusivity as function of moisture content for the purpose of further 
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modelling and simulation. So, continuous measurement of moisture content of 
local positions is necessary for obtaining the transient moisture profiles. In 
principle, all the above-mentioned methods for measuring moisture content can be 
applied to obtain transient moisture profiles by sensor/probe array or other 
methods. But the inconvenience, large dimensions involed, physical parameters 
measured may restrict the application because of problems in connection with 
resolution, feasibility to realise automatic real-time monitoring and 
maintenance/operation expenses. Only a few methods for monitoring moisture 
transport processes have been explored on the basis of measurement techniques 
for moisture content. Currently, there appear to be no comprehensive review 
papers discussing the methods in the literature. The following gives a discussion of 
several methods most widely used or recently applied. 
5.2.2.1 Moisture meter method 
This method applies commercially available moisture content meters, 
capacitance-type or resistance-type, to measure the local moisture content for 
obtaining the transient moisture profile. By repeating the procedure at a ce1iain 
time intervals, the moisture profiles can be obtained as a function of time. This 
method is straight forward and can save the cost and time for developing new 
measuring system. But advance calibration of meter reading and moisture content 
needs to be carried out using the standard gravimetry method since the meter 
reading normally can only give relative values for different materials. For hard 
materials such as concrete, cement paste, brick and plaster materials, capacitance 
tyPe moisture meters are normally employed and pin-type resistance moisture 
meters are applied to wood or sand-based materials. Darchalova et al (2002) 
monitored the moisture profiles of AAC ( autoclaved aerated concrete) and fired 
face brick in water absorption processes utilising capacitance moisture meters 
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(Semerak and Cerny, 1997). The meter employs two parallel plates with 
dimension 20 mm X 40 mm as electrodes and frequency ranges from 250 - 350 k 
Hz. The sizes of samples are 20 X 40 X 290 mm for AAC and 19 X 33 X 238 
mm for face brick. The moisture profiles along the samples were obtained by 
measuring the local moisture content by the meter at various locations along the 
sample in steps of 5 mm and chosen time intervals depending on the moving speed 
of water front. Although the authors of these papers claimed the success in 
obtaining the diffusivity as functions of moisture content from transient moisture 
profiles, the reliability of the results is doubtful. This is because they chose steps 
of 5 mm for an instrument having capacitance plates of dimensions 20 X 40 mm. 
This is not acceptable because, clearly, the plate can only produce an average 
moisture content within a region of larger then 20 X 40 mm. In addition, the 
dimensions of the water front area (from dry point to saturate point) are about 15 to 
20 mm in water absorption processes (see Chapter 6). The meter is not able to 
provide enough resolution to measure the distribution within a region of 15 to 20 
nun. Hence, because of the large dimension of plates of capacitance meters, the 
low resolution of this method strongly limits the reliability and so restricts its 
monitoring application. 
If resistance type meters are applied, the separation/spacing between pm 
electrodes at about 20 to 30 mm still limits the resolution in measuring process. 
Furthermore, pin-type resistance meters can only be applied to wood or sand 
materials and not suitable for hard materials such as concrete, brick or plasters. At 
present, no examples of utilisation of pin type resistance meter for moisture 
transport monitoring have been found in the literature. 
5.2.2.2 Sample slicing/gravimetric method 
126 
As mentioned in Chapter 1, many researchers have explored the method for 
monitoring the moisture transport processes in one and two dimensions by slicing 
the samples under investigation (Kalimeris, 1984; Rosenkilde and Arfvidsson J 
1997; Pang, 1996; Chen et al, 1996; Arfvidsson and Claesson, 1997; Hukka, 
1999). 
The slicing method should include the following procedures: (1) Removal one 
sample from field for test at a certain time interval; (2) Cut sample into slices in 
1-D or 2-D; (3) Measure the wet weight of slices with precise balance immediately 
after they are sliced; ( 4) Dry the slices to constant weight and then measure their 
dry weight; (5) Finally determine moisture distribution in one or two dimension 
using dry and wet weight of each slice. 
As from each sample, only one moisture profile can be obtained. A group of the 
same samples must be prepared and subjected to the same wetting or drying 
condition. It was assumed that all samples are the same in material properties and 
have the same behaviour during moisture transport process. The moisture profiles 
obtained from different samples at time intervals represent the transient moisture 
profiles at time intervals. For wood or other soft materials, the sample can be 
sliced by a saw. For hard materials such as concrete, mortar or plaster materials, 
purpose-made guillotine vice with special blade has to be developed (Kalimeris, 
1984) as shown in Figure 5.3. 
Although the slicing method may be used on rigid porous building materials such 
as stone, ceremic, concrete or plasters, some problems exist with it. First, it is a 
time-consuming method for preparing, slicing, drying and weighing a group of 
samples. Secondly, it is a destructive method and the moisture distribution is 
usually interfered with by slicing processes that produce heat and lead to water 
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evaporation. Thirdly, for fast transport processes such as water absorption of high 
porosity materials, it is difficult to complete the slicing processes in a very short 
BLADES 
SPECIMEN 
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Figure 5. 3 The apparatus for measuring the water content profiles during 
water absorption by horizontal columns of porous building materials 
(extracted from Kalimeris, 1984) 
time before the moisture distribution has changed within the whole sample. Fourth, 
it is difficult to realise real-time automatic monitoring of moisture transport 
processes. 
5.2.2.3 Particle emission or proton radiation imaging methods 
These methods work by the attenuation effects of radiation or particle emission 
caused by hydrogen atoms. These methods consist of imaging process of the 
sample and analysis of imaging by software to obtain moisture profiles. 
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The quantitative neutron radiography (NR) imaging technique has attracted more 
interest and was developed in the last decade to monitor moisture transport 
(Nemec et al 1995, 1999a, 1999b; Hoff et al, 1996; Pel 1995). It is based on the 
fact that most building materials are more or less transparent to neutrons while 
moisture and other hydrogenous liquids are neutron-opaque. The thermal (fast) 
neutrons are absorbed and scattered in the material being investigated. The image 
of the attenuated neutron beam is recorded by a neutron image detector such as 
radiographic film with Gd converter foil or image plate neutron detector. The 
images are scanned or digitalised by a scanner. After calibration of the detector 
response with moisture concentration, the moisture profiles can be obtained by 
evaluation of digitalised images with image analysis software package. By 
repeating the imaging and analysis of sample during moisture transport process at 
given time intervals, the transient moisture profile can be obtained as a function of 
time. NR technique is a useful non-destructive method for the detection of 
moisture. The spatial resolution can be up to 0.05 - 0.2 mm and sensitivity is 0.3% 
H20. But some problems are also apparent on various aspects. The sample size is 
restricted to only a few centimetres thick. Also most of the processes during the 
operation in this method are dealt with manually, so it is a time-consuming method 
and difficult to realise automatic monitoring. 
The Computer Tomography (CT) technique was also applied to the monitoring of 
moisture transport processes (Yasushi et al, 1992). It is operated in a similar way to 
neutron radiography method. By periodically measuring the CT images of the 
same cross section of specimens in drying or wetting, the changes of moisture 
distribution can be calculated. 
The positron emission tomography technique has been also applied by Hoff et al 
(1996) to develop a monitoring method for moisture transport. To track the water 
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flow using the positron emission technique, an appropriate radioisotope (such as 
6
°Cu) is dissolved in the water. The radioisotope decays by p+ emission of positron. 
The positron (fJ+) rapidly annihilates with an electron (its antiparticle) and their 
combined energy is released in the form of a pair of 511 keY y-ray, emitted 
back-to-hack to conserve momentum. Simultaneous detection of these y rays on 
each side of the system defines a line passing through the point of emission, and by 
measuring the number of such counts detectable along each line of the sight a 
tomographic image of the tracer distribution can be obtained. After calibration of a 
tracer image and moisture distribution and periodically repeating the imaging 
processes, the moisture profile as a function of time can be obtained. The y ray is 
quite strongly penetrating and so the tracking of a tracer in porous construction 
materials is entirely feasible. By rotating the detectors used or utilising two or 
three detectors at vertical positions, two or three tomographic images or moisture 
profiles can be obtained. The positron imaging technique is a useful method for 
non-destructive measurement of moisture transport, but as described above, it is 
not a real-time automatic monitoring method because analysis of images is time 
consuming and that, for some materials such as limestone, the fluoride tracer tends 
not to move with the absorbed water and so limited the application to some 
particular materials. 
5.2.2.4 Nuclear magnetic resonance (NMR) imaging methods 
The NMR imaging method was first applied by Gummerson et al (1979) to 
monitor the dynamics of internal water content distribution in several porous 
inorganic materials during capillary inflow. Besides the slicing method, the NMR 
method is another technique used for monitoring moisture transport processes 
(Schoenherr and Mocikat, 1991; Pel, 1995; Pel et al, 1996, 2001; Carpenter et al, 
1993; Fordham et al1994) 
130 
The NMR method works on the resonance effect between the radio frequency (RF) 
field and spin magnetic moment ofhydrogen nuclei. In a general NMR experiment, 
the magnetic moment of the hydrogen nuclei is manipulated by a suitably chosen 
radio frequency field, resulting in a so-called spin-echo signal. 
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Figure 5.4 Schematic diagram of the RF probe head that accommodates 
the sample. The homogeneous magnetic field Bo points in the horizontal 
direction, whereas the two gradient coils generate a magnetic field 
gradient in the vertical direction. (extracted from Pel, 1995) 
The amplitude of this signal is proportional to the number of nuclei excited by the 
radio frequency field. The resonance frequency for the nuclei is given by 
f=yBo 
where f is the frequency of the radio frequency field, y is the gyromagnetic ratio 
(for 1H yl21t = 42.58 MHz/T), and B0 is the externally applied magnetic field. 
Because of this condition, the method can be made sensitive to only hydrogen and 
therefore the water molecules. If a known magnetic field gradient is applied, the 
resonance condition is dependent on the spatial position of the nuclei and the 
moisture distribution can be measurd without moving the sample (Pel et al, 1996). 
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The experimental apparatus, as shown in Figure 5.4, consists of iron-cored 
electromagnet (about 0.7 T static magnetic field), gradient coil, RF coil, assembly 
of sample and holder and water absorption arrangement, stepmotor for moving 
samples. To measure an entire moisture profile over 25 mm with accuracy 1% and 
an equally spaced grid for scanning of 0.15 mm typically takes about 40 minutes. 
The NMR has proven to be a particularly successful method for stone, cement 
materials, clay bricks and plasters and reaches high resolution (better than 2 mm). 
But the high cost and large size of the system (large magnet) restricts it to be 
suitable for laboratory applications only. The narrow space between magnetic 
poles limits the sample diameter to be smaller than typically 80 mm. There are also 
difficulties in using the NMR imaging method on materials having high iron 
content because the water protons in these materials have an exceptional short 
nuclear relaxation time (Hoff et al, 1996). In addition, the long time for profile 
scanning is also problematic causing error in the measurement. For a typical 
sample configuration with 50 mm diameter and 200 mm length for water 
absorption, it takes more than 5 hours to obtain one moisture profile. In addition, 
after 5 hours time, the absorption processes possibly already complete and so only 
one profile can be obtained. This means that there is no chance to obtain the 
second moisture profile. Hence, small dimensional samples have to be used and 
"interpolation of data treatment" among a group of profiles has to be employed to 
obtain a profile at a particular time. This makes the whole monitoring and data 
treatment extremely complicated and time-consuming. 
5.2.3 Summary 
Many efforts have been made to develop improved monitoring methods for 
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moisture transport processes in building materials. But the current situation is far 
from satisfactory. There are still serious problems or strong limitations with the 
currently applied monitoring methods, whether they are simple or complex. These 
problems include their destructive features, they can be time-consuming, they may 
be strong interference with transport processes, not mention the high cost or large 
physical dimensions of the system and very limited sample sizes etc. Automatic 
operation and function-integrated techniques with both data acquisition and data 
treatment for moisture transport process have not been found from intensive 
literature searches. 
5.3 Development of new monitoring system based on an array of pin-type 
resistance probes 
5.3.1 Main considerations in developing new monitoring system 
Compared with the current method for monitoring moisture transport, the main 
concerns of the new system are focused on the aspects of automatic control, 
satisfactory resolution, low cost to obtain the transient moisture profiles as a 
function of time and some features of the system are determined as follows. 
Employment of resistance type sensor 
There are many advantages in employing the resistance type sensor. First, it is 
easier to realise automatic monitoring because commonly applied computer data 
acquisition hardware can directly input resistance. If voltage input cards are 
utilised, simple voltage/resistance conversion circuits are all that is needed. 
Second, compared with the capacitance sensor (applying large dimension 
capacitance plate at dimension of 20 - 40 mrn each), resistance sensors can be 
designed with small dimensions using pin electrodes. Third, resistance sensor can 
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be very low cost and easy operation for measurement compared with particle and 
photon imaging technique where special cameras or high cost digital particle 
number/vision converter equipment is needed. 
Application of sensor array and multi-channel input 
In the monitoring processes, transient scanning of moisture distribution is the most 
important requirement. The longer the duration of the scanning process, the 
greater is the change in moisture distribution. This problem is more serious and 
will even fail to obtain moisture transport information where the transport 
processes are rapid. Otherwise, interpolation has to be applied to obtain a transient 
moisture profile from various measured profiles. For simultaneous scanning of 
MC at various positions, a sensor array embedded within the samples made it 
possible to obtain the transient moisture profiles through scanning and reading the 
local moisture states of the sensors. For the scanning, multi-channel input data 
acquisition cards were required. The sampling rate of the data acquisition cards 
obtained was 2xl06 s-1• This implies that it takes only 10-5 s for a scanning of 
sensor array with 20 sensors. 
Driven by DC voltage power supply 
As discussed in Chapter 4, the application of alternating voltage in resistance 
measurement reduces the polarisation effect, but requires more complex electronic 
circuits and program to obtain resistance value and furthermore the resistance does 
not remain stable for long time periods (i.e. - hours). The application ofDC voltage 
simplified both the circuits and data processing. Further, the resistance values reached 
relatively stable resistance reading after a very short ' charging' time (- 20 second, see 
Chapter 4). 
5.3.2 Hardware of monitoring system 
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W a t e r  
o u r c e  
A s  w e l l  a s  t h e  s e n s o r  a r r a y ,  t h e  m o n i t o r i n g  s y s t e m  d e v e l o p e d  i n c l u d e d  R I V  c o n v e r t  
c i r c u i t s ,  p o w e r  s u p p l y ,  d a t a  a c q u i s i t i o n  c a r d  a n d  P C  c o m p u t e r  s h o w n  i n  F i g u r e  5 . 5 .  
T h e  m e a s u r i n g  s e q u e n c e  i n c l u d e s :  m o i s t u r e  a b s o r p t i o n ,  m e a s u r e m e n t  u s i n g  t h e  
s e n s o r  a r r a y ,  c o n v e r s i o n  o f  r e s i s t a n c e  t o  v o l t a g e  b y  t h e  V  / R  c i r c u i t ,  s c a n n i n g  o f  
v o l t a g e s  b y  D A Q  c a r d  a n d  c o n t r o l  s o f t w a r e ,  c a l c u l a t i o n  o f  m o i s t u r e  d i s t r i b u t i o n  b y  
t h e  c o m p u t e r  s o f t w a r e ,  d i s p l a y  a n d  s t o r a g e  o f  r e s u l t s .  
5 . 3 . 2 . 1  P i n - t y p e  r e s i s t a n c e  s e n s o r  a n d  s e n s o r  a r r a y  
A s  s h o w n  i n  F i g u r e  4 . 4 ,  s t a i n l e s s  s t e e l  p i n s ,  d i a m e t e r  1  m m  a n d  l e n g t h  3 0  m m ,  w e r e  
c h o s e n  a s  t h e  e l e c t r o d e .  E a c h  p a i r  o f  e l e c t r o d e s  w i t h  a p p r o p r i a t e  s e p a r a t i o n  
c o n s t i t u t e s  a  s e n s o r  w o r k i n g  o n  t h e  f a c t  t h a t  t h e  r e s i s t a n c e  a c r o s s  t h e  e l e c t r o d e  p a i r  
i s  d e p e n d e n t  o n  t h e  m o i s t u r e  s t a t e  o f  m a t e r i a l  n e a r  t h e  e l e c t r o d e s .  S i l i c o n e  r u b b e r  
w a s  a p p l i e d  f o r  t h e  e l e c t r i c a l  i n s u l a t i o n  o f  e l e c t r o d e s  w i t h  s u r r o u n d i n g  m a t e r i a l s  
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S a m p l e  
F i g u r e  5 .  5  S c h e m a t i c  d i a g r a m  o f  m o i s t u r e  p r o f i l e  m e a s u r e m e n t  s y s t e m  i n  
a b s o r p t i o n  p r o c e s s  
13 5  
a n d  a  s m a l l  t i p  ( 5  m m )  w a s  l e f t  f o r  c o n d u c t i o n  p u r p o s e .  T h e  i n s u l a t i o n  e n a b l e s  
e l e c t r o d e s  t o  a v o i d  t h e  s t r o n g  e f f e c t s  o f  w a t e r  o n  t h e  s u r f a c e  o n  t h e  r e s i s t a n c e  a c r o s s  
t h e  e l e c t r o d e s .  C o n s i d e r i n g  t h e  d i m e n s i o n  o f  t y p i c a l l y  1  m m  o f  m i x e d  a g g r e g a t e s  
( p e r l i t e )  i n  s o m e  g y p s u m  p l a s t e r s  ( b o n d i n g  p l a s t e r  f o r  e x a m p l e ) ,  t h e  s p a c i n g  o f  t h e  
t w o  e l e c t r o d e s  i n  a  p a i r  w a s  s e t  t o  b e  5  m m  t o  a v o i d  t h e  s t r o n g  b i a s  o f  s i n g l e  l a r g e  
a g g r e g a t e  p a r t i c l e s  o n  t h e  r e s i s t a n c e .  
W i t h  v o l t a g e  a p p l i e d ,  a n  e l e c t r i c  f i e l d  i s  p r o d u c e d  a s  s k e t c h e d  i n  F i g u r e  5 . 6  ( a ) .  I f  
t h e  e l e c t r o d e  i s  c o n s i d e r e d  a s  a  l o n g  w i r e ,  t h e  e l e c t r i c  f i e l d  s t r e n g t h  a t  a  p o i n t  i n  
s p a c e  i s  r o u g h l y  p r o p o r t i o n a l  t o  t h e  i n v e r s e  o f  d i s t a n c e  f r o m  t h e  e l e c t r o d e  a x i s .  
W h e n  t h e  d i s t a n c e  i s  d o u b l e  t h e  r a d i u s ,  n a m e l y  1  m m  a p a r t  f r o m  a x e s  o f  e l e c t r o d e ,  
t h e  e l e c t r i c  f i e l d  s t r e n g t h  d e c r e a s e s  t o  h a l f t h a t  a t  t h e  s u r f a c e  ( s e e  F i g u r e  5 . 6  b ) .  
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( b )  
F i g u r e  5 .  6  E l e c t r o d e  s e n s o r s  a n d  s k e t c h  o f  e l e c t r i c  f i e l d  w i t h i n  g y p s u m  
m a t e r i a l s .  ( a ) s h o w s  t h e  a p p e a r a n c e  o f  e q u i p o t e n t i a l  c u r v e s  o f  e l e c t r o d e s ;  
( b )  i n d i c a t e s  v a r i a t i o n  o f  p o t e n t i a l  w i t h  d i s t a n c e  f r o m  t h e  e l e c t r o d e  a x i s .  
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H e n c e ,  t h e  e l e c t r i c  f i e l d  s u r r o u n d i n g  t h e  e l e c t r o d e  i s  m a i n l y  r e s t r i c t e d  t o  t h e  s m a l l  
c i r c l e  a r e a  w i t h  d i a m e t e r  o f  4  m m .  T h i s  f i e l d  d i s t r i b u t i o n  e n s u r e s  t h a t  t h e  
r e s i s t a n c e  a c r o s s  t h e  e l e c t r o d e s  i s  m a i n l y  g e n e r a t e d  w i t h i n  t h e  v i c i n i t y  o f  t h e  
e l e c t r o d e s  ( C h a p t e r  4 ) .  
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r e s o l u t i o n  o f  s u c h  s e n s o r  c o n f i g u r a t i o n  i s  r o u g h l y  5  m m ,  m u c h  b e t t e r  t h a n  t h a t  
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embedding a sensor array. Considering the requirement of spacing (5 mm) 
between adjacent electrode pairs, in a 100 mm length cuboid-shape sample, 20 
pairs of sensors could be embedded. To ensure that the sensor array is embedded 
within materials during casting processes, a polythene plate template with drilled 
holes and installed electrodes may be applied for insertion into castings. Figure 5. 7 
shows an example of polythene template for installing electrodes. The equivalent 
resistance model of electrode pair and the resistance/voltage conversion of each 
pair of electrodes were presented in Figure 4.10 in Chapter 4. By scanning the 
voltage across the electrode pairs, the resistance could be calculated using 
equation (4.4) and (4.9). 
5.3.2.2 Application of square wave power supply 
In Chapter 4 (section 4.3.4), it was shown that the resistance across the electrodes 
normally increases quickly in the initial stage of charging by 9 volts DC voltage 
and reaches a stable state after ~ 20 s. So the "30 seconds rule" (see Chapter 4) was 
proposed for the measurement of resistance. But the 9 V DC voltage should not be 
applied continuously throughout the data taking process. This is because long time 
charging produces more gases obstructing the current flow, thus affecting the 
resistance. Furthermore, the continuous electrolysis of water may also affect the 
moisture condition. Ideally speaking, the power should switch on for at least 30 
second with 9 V voltage output and after the measurement of resistance at 30 s 
time, the power should be cut off to stop the charging process. Then the system 
should wait for a certain time (time interval of each scanning of moisture profiles) 
for the next 30 second charging and measurement. The utilisation of square wave 
power supply (Thandar TG501, 5 MHz function generator, Thandar Electronics 
Ltd, England) was able to meet this requirement. Figure 5.8 shows the asymmetric 
square wave output of power supply for the measurement, where T1 - To is the 
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charging time(> 30 s), T2 - To is the cyclic time of the square wave, which equals 
the inverse of frequency fofwave (T=llj), T2 - T1 is the time interval between the 
successive measurements (60 s) and adjustable by changing the frequency and 
symmetry of square wave. Considering the 10 V limitation on the data acquisition 
card, the voltage at upper side of square wave was set to 9 V and was used for 
powering the resistance/voltage circuit as shown in Figure 4.10 (Chapter 4). 
Volta IV ge 
.. II-
~ 30 s ~ 
9 
....... ..... 
. 
.. .. 0 
tis To 
Figure 5. 8 The square wave output of voltage from a function wave 
generator. The cycling time of the wave is T=T2 - T0=1/f, where f is the 
frequency of the square wave. T'- To=30 s is for 30s charging time and 
resistance measurement using the "30 second rule ". 
5.3.2.3 Data acquisition card (DAQ) and common ground mode 
The data acquisition from 20 pairs of electrode sensors was realised by utilising a 
computer data acquisition card, which was combined with the function of .. 
multiplexer, voltage reading and AID conversion. The setup scans the fraction 
potential (the U value in Figure 4.1 0) across electrode pairs sequentially and 
records the readings in the temporary memory. The scanning rate (or time interval) 
139 
is controlled by the software. In the present monitoring system, a sub-program was 
developed (see Section 5.3.3) to monitor the power output. When voltage output 
rising (at the time To in Figure 5.7) is observed, the program start timing until 30 
seconds thereafter and then allows the DAQ card to scan the U reading of each of 
the 20 pairs of electrodes once. At each leading edge, the scan repeats. So the time 
interval for both the scanning and measurement of moisture profiles for moisture 
transport processes is adjustable by changing the frequency of square wave. As the 
sampling rate ofthe applied DAQ card is 20kHz, a scan for 20 channels takes 1 ms, 
enabling every scan to produce a transient moisture profile. This was found to be a 
great advantage of the sensor array method compared with methods employed by 
other researchers, which need typically 40 minutes for obtaining one moisture 
profile! 
The analogue DAQ card used in the present system was a multi-channel data 
acquisition card (type CIO-DOS48-PGA by OMEGA Ltd). It is an extension of the 
popular CIO-DAS08 Plug and Play board for DOS and windows ·operation 
systems. The AID converter (type AD574) has 12 bits resolution, sampling rate 20 
kHz. The base address can be set by switching a bank of eight DIP switches on the 
board. The card was set to the wait state, Voltage or Current mode serving either in 
24 differential channels mode or 48 channel single-ended mode. If the current 
measurement conversion kit was installed, the 24 differential voltage 
measurement could be converted into 24 channel current input where the range of 
the measurement was programmable for various voltage configurations. 
In this project, the recommended 24-channel differential inputs mode was chosen 
. 
to offer enough channels for obtaining moisture profiles and ± 10 V range was 
selected to adapt ±9 V signal resource. Using the provided InstaCal™ software, 
the card was configured, tested and calibrated during installation. The differential 
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inputs mode measures the voltage between a pair of electrodes. Within a certain 
range, the measurement is almost independent of the signal source to 
CIO-DOS48-PGA grounding variations. This implies that the differential input 
measures the voltage between two electrodes, without respect to the either 
electrode's voltages relative to ground. The differential input is also much more 
immune to electromagnetic interference (EMI) than a single-ended one*. It must 
be noted in the differential input mode that, there is a limit to how far away from 
the ground either electrode can go. Figure 5.9 shows the differential input 
configuration. 
C H high 
C Hiow 
ToND 
LLG ro und 
!10 connector 
-1 
Figure 5. 9 Schematic explanation of the differential input mode 
Because the power supply and the DAQ card share a common ground, the 
common ground/differential ground configuration was applied. 
5.3.3 Control software 
All the measuring processes are controlled by programs developed by the author 
• User 's Guide ofCTO-DAS48-PGA card, Printed by Omega Engineering, Inc. UK. 
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using Lab VIEW software package. The controls include the selection of material 
types, the monitoring of power supply for timing and starting/stopping the scan, 
scanning the fraction voltages on all 20 pairs of electrodes, compensation for 
temperature and polarisation effects, calculation of moisture content, displaying of 
profiles and saving data and so on. 
5.3.3.1 Introduction to the graphical programming software package, 
Lab VIEW 
Lab VIEW (Laboratory Virtual Instruments Engineering Workbench) graphical 
programming platform is a powerful and flexible instrumentation and analysis 
software platform for PC computers . . Jt was utilised in the control program 
development in the present monitoring system. Lab VIEW differs from traditional 
sequential programming languages and uses a graphical programming 
environment to create program in block diagram form, while other programming 
systems use text-based language to create lines of code. The environment in 
Lab VIEW contains all tools needed for real time data acquisition, analysis, 
calculation and result presentation. A program, called virtual instrument or VI, 
consists of a front panel and a block diagram. The front panel is an interactive user 
interface of a VI because it stimulates the panel of a physical instrument (see 
Figure 5.10 for the control panel of one layer monitoring system). It may contain 
"knobs", "buttons", graphs and other control and indicators. The block diagram is 
a pictorial solution to a programming problem and also the source code for the VI. 
A function unit is symbolised as an icon on block diagram. The control programs 
was written in Lab VIEW version 5.1 (National Instrument Ltd) and structured by 
basic VIs. 
5.3.3.2 Program for monitoring one layer uniform transport 
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within one layer material and two-layered composites. The program setting 
includes selecting board number used, high and low channels under scanning and 
input range. The temperature and material selection controls a case subprogram 
(block B in the flow chart) to choose the associated temperature coefficients and 
U-Ur, R-MC dependent functions for different materials and so as to calculate the 
moisture content properly. To achieve the "30 second rule" for resistance 
measurement, the monitoring of power supply was executed by Block A in the 
flow chart to confirm the applied 9 V voltage by measuring the voltage rise ~ V 
between two successive measurements at 1 s interval. If ~V> 5 V, it means the 9 V 
voltage is applied and then start the timing of 30 seconds after which the program 
controls the DAQ card to scan the 20 channels. The voltages from the 20 channels 
were extracted individually by a "for loop" (N = 19) and these were used to 
calculate the moisture content at each position by using equations (4.4), (4.6), (4.7) 
and ( 4.1 0). The temperature effect was compensated by converting the resistance 
R at any temperature t ° C to the resistance Ro at 22° C. The conversion formula 
was derived from equation ( 4. 7) as follows: 
Ro =R [1 +a (t-22)] (5.1) 
After the moisture contents for all positions were obtained, they were saved in a 
temporary memory together with the time recorded from the PC clock. During 
scanning, a channel is set to monitor the power supply and the transient voltage 
output was used for the calculation. Repeating the above processes, the moisture 
profiles as function of time were then obtained. Upon completion the "stop" button 
was pressed, the operation was then terminated and the results saved in a chosen 
folder. During the measuring process, the moisture profiles were displayed in 
real-time on the screen. 
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layer uniform material 
145 
I START y 
I DAQ Ca rd sett ing I l 
• • I Se t tin g- laye r I I I Set t in g- layer 2 ~ l Temp era ture and \Ia ter ia I se lec t ion Temp et·a t ur e and \fa teri a I se I ec t ion 
I I 
• lion i tor powe r And MeAs ure 
A th e ri s in g A V of power I output a L Is inte r va l 
~ ;\o s 
r Wa i t for 30 s J 
• Scan Vo l tages 
of e lec t rodes and power out pu t 
t hrough 21 channe ls V 
• + 
I 
Tnd ex Data ar ray:Extrac t I I Tndex Data a rray:Extrac t vo l Utgc of chann e l 0 - 9 voltage of channe l 10 - 19 
- ~ + 
Se t i=O Tn dex Data Array: Se t j =IO 
Ex tn;c L powe r vo I tR.g c -. fr om 20 th chann e l .-
Tnd ex Da ta Ar ray : Tndex Da ta At-ray: 
Ex t rae t vo I tage of Extrac t vo I tage of 
chann e l i chann e l j 
~ + 
I Case J- 5 I I Case 1- 5 I 
I 
~~~~~£ nC"':lr.nnn ~ = 0: "' "' "' 
"' "' "' "' "' - "' "' "' "' "' ;:;-,
" "' "' () "' "' <1> " " c: c: 0 1 ~ c,...- t-..:. - ~ ~ CJ I A ~ tv - - ~ 
"' n II II II I I II ~. II II II II II r' 
8 
~-
""'Cr :S: t:::::lc::::::l O 8 'V C: !::s:: t:::lO:: O OO"Tl c- 0= OO "Tl ro = 
"' ""C '"'0 ""0 ""'C ~ . "'tl ""'C -c ""'C ""0 ~ . 
+ • 
r i=i+l 1 I j = j + I I 
,,~ <$? No i >9. 
Yes s 
~ 
Bu i I d data Array: L-(''"' Ch""' l "Tick Co unt (ms)" I Co mbi ne ti me Et ndtwo IC prof i l e Time reco ndf rom PC Cloc k I layer 's MC pro fi le data d is pl ay 
~ ~0 s > -I Sav e res ul t I 
• ( End ) 
Figure 5.12 Flow chart of the control program for monitoring moisture 
}rocesses within two-layered composites 
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5.3.3.3 Software for monitoring transport within two-layered composites 
For two-layered composites, the control program is similar to two one-layer 
programs. Figure 5.12 shows the program flow chart. Since the 20 electrode-pairs 
were divided into two groups at ten of each set and were embedded in two 
dissimilar layers, the setting of materials (setting layer 1 and layer 2 in flow chart) 
and the extraction of scanned voltages from electrodes in two layers were executed 
separately. The selection of two layer materials on the control panel controls two 
case structures (Block B in flow chart) and calculates the moisture content profiles 
at each material separately. Afterward, the two groups of moisture content values 
were bond with time and saved in a temporary memory. By repeating the 
measurement until the process is stopped, the moisture profiles at various times 
were obtained. In both the one-layer uniform material and two-layered composites, 
the normalised moisture content Ur (as defined in Chapter 2) was applied. It was 
found extremely useful for the simulation research on the transport within 
two-layered composites. 
5.3.4 Verification test and commission of the moisture monitoring system 
As an initial test of the monitoring system, the isothermal moisture transport 
processes (water absorption) was monitored. Two plaster of paris (POP) samples 
were prepared with the same water/plaster ratio as those in Chapter 4. 20 pairs of 
electrodes were embedded within materials during casting with the electrode 
template. The samples were then dried to constant weight (the details of sample 
preparation can be found in Chapter 6). One of the two samples was used for 
measuring the saturated moisture content by the gravimetric method. For the POP 
sample this was determined as 15.5% by weight. The other sample with embedded 
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The comparison of results by the monitoring system and gravimetric technique shows 
that the developed system was successful in monitoring the moisture state of 
materials with satisfactory accuracy and can be applied in the experimental 
investigation of real moisture processes. 
5.3.5 Advantages of the developed system and factors causing errors 
Compared with other methods, the newly developed method has vanous 
advantages: 
(1) Automatic and integrated real-time monitoring 
Compared with the "slicing" method, the moisture meter method and all imaging 
methods, the newly developed monitoring system realises the integrated and 
automatic monitoring with both data acquisition and data treatment. The transient 
moisture profiles are obtained and displayed in real-time and the results are also 
stored digitally in the computer for later data analysis. The integrated real-time 
monitoring is the greatest advantage compared with conventional techniques 
(including NMR technique) for monitoring of moisture transport processes. 
(2) Non-destructive 
The monitoring of moisture state within materials is through the embedded sensor 
array. This is neither time-consuming, nor destructive and the results obtained are 
more reliable and stable. The operation is also much more straightforward. 
(3) Quick scanning of moisture profiles 
Compared with imaging methods, especially NMR, the newly developed method 
scans transient moisture profiles almost instantly. A complete moisture profile can 
be obtained within 1 ms for the 20 channel monitoring and so the moisture profi les 
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are real transient profiles (compared this with 5 hours need for a typically sized 
200 mm length sample monitored by the NMR method!). And the real transient 
profiles avoid the complex and time-consuming "interpolation data treatment". 
Quick scanning enables moisture profiles to be obtained as needed and it also 
significantly reduces the labour required. 
(4) Applicable to any size of samples and higher dimension transport 
There is no size limit for the monitoring system. The sensor array can be 
embedded in any sized samples. However, more sensors may be needed for larger 
sized samples to obtain satisfactory resolution. If the sensor array is embedded in 
two or three dimensions, the monitoring system can be used to monitor in two or 
three dimensions. In contrast, the typical <liameter of sample in NMR method is no 
more than 80 mm (restricted by the space between the two magnetic poles). 
(5) Low cost 
Compared with imaging methods, this system is low cost. The hardware required 
includes a PC computer, data acquisition cards, basic electronic circuits and 
stainless steel wires. The software is Lab VIEW software package. 
(6) User friendly instrumentation interface 
The control panel of the system developed by Lab VIEW is user friendly and easy 
for operation. 
Although the calibration processes for the relations of resistance - moisture content 
has to be carefully carried out, there are still some factors that could possibly affect 
the accuracy in the monitoring of moisture transport processes and these need to be 
avoided or eliminated. These include: 
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(1) Separation grid of electrode sensor array 
The electrode sensors were embedded at the separation of 5 mm apart from each other, 
which limits the resolution to this distance. So the sensor array is unable to give the 
exact distribution between the 5 mm apart electrodes. 
(2) Salt migration 
With the movement of water, a slight proportion of dissolved salt may be carried 
forward as well. This may change the salt concentration in the water solution at later 
positions resulting in error in the readings because the resistance depends on free ion 
concentration within the material. If the sample is subjected to more drying-wetting 
cycles, there may be accumulation of salt in one end of sample. So, the use of one 
sample for too many measurements should be avoided and if the sample has to be 
used more than once, the absorption direction should be changed to minimise salt 
accumulation. 
(3) Contact resistances 
If the electrodes are not carefully and properly installed, poor electrical contact may 
occur, affecting the measurement results. This is because the resistance across 
electrodes is mainly dominated by the contact resistance. Hence, great care should be 
taken and strict procedures followed both in installing the electrodes and in 
connecting them with the electronics. 
(4) Dissimilarity of calibrated samples and investigated samples 
Variability of materials caused by sample preparation may affect the porosity, 
microstructure (e.g. pore size) and hydration of gypsum and hence affect the 
conductance of materials. It should be eliminated as possible as we can. Clearly, 
samples should be produced to tight specifications. 
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In addition, this system is not designed for monitoring transport processes with 
temperature differences within the sample itself. 
5.4 Conclusions 
The monitoring system for moisture transport based on pin-type resistance sensor 
array was successfully developed and tested. Compared with conventional 
techniques, the advantages of the system include automatic and real-time 
monitoring, integrated design with data acquisition and data treatments, transient 
scanning and more reliable results etc. The developed technique is designed for the 
monitoring of isothermal moisture transport processes within one layer uniform 
materials and two-layered composites with unlimited size. The setup could be 
extended to monitor two or three dimension moisture transport processes as 
desired after appropriate sensor arrays are embedded. 
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CHAPTER 6 EXPERIMENTAL INVESTIGATION OF 
MOISTURE TRANSPORT PROCESSES AND 
DETERMINATION OF UNSATURATED HYDRAULIC 
DIFFUSIVITIES 
Summary This chapter presents the experimental investigation of water absorption 
processes within one layer materials and two-layered composites. The unsaturated 
hydraulic diffusivity as a function of moisture content for gypsum plaster 
materials was determined from experimental transient moisture profiles. In the 
experimental investigation of transport precesses, the transient moisture profiles 
of absorption processes within one layer uniform materials and two dissimilar 
layered composites were obtained utilising the monitoring system discussed in 
Chapter 5. The unsaturated hydraulic diffusivity as functions of moisture content 
for various materials was then determined from transient moisture profiles 
through Boltzmann's Transformation, where both regression and numerical 
methods were applied and compared. 
6.1 Introduction 
Experimental investigation of transport processes is the only way to reveal the real 
moisture performance of porous materials. It also provides fundamental 
information for determining diffusivity as function of moisture content, providing 
a base for verifying the theoretical models and computer simulations of the 
processes involved. As mentioned in Chapter 1, although they are frequently used 
materials, gypsum plasters have not been sufficiently investigated and there is 
apparent shortage of data about the transport processes available for further 
simulation research. Furthermore, the experimental investigations of diffusivity 
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for gypsum show that plaster materials present different behaviour from other 
building materials such as fired-clay brick, mortar, sand-lime brick etc (Pel, 1995). 
Unlike other materials, the diffusivity function of gypsum materials cannot be 
described by one exponential function of moisture. This makes the diffusivity 
function more complex and difficult to determine. So it was essential to find a 
proper method for determining the diffusivity of gypsum materials for further 
modelling and simulation research. 
6.2 Experimental investigation of transport processes 
6.2.1 Transport within one-layer uniform materials 
6.2.1.1 Experimental method 
The materials investigated were five types of commercial Thistle gypsum plaster 
materials: BCP, BUP, MFP, POP and UOP already discussed in Chapter 2. Cuboid 
samples of the above materials were prepared by using a gang mould, size 
20x20x 100 mrn, with the same water/plaster ratio as the samples used in Chapter 
4 when characterising electric performance. Immediately following casting, 20 
pairs of pin-type electrodes were evenly embedded along the sample to form a 
one-dimension sensor array using a PVC template on which the electrodes were 
installed before embedding (see Figure 6.1 ). Sufficient vibration of the assembly 
of sample and electrodes was necessary to ensure good contact between electrodes 
and material. 
After setting for 24 hours, the assembly was removed from the mould and dried at 
temperature 38 + 0.5° C. Before the absorption test, the samples were sealed 
tightly with polythene film and placed in a conditioning unit to allow the 
temperature to attain ambient temperature. The water used was also retained under 
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the same condition to ensure the same temperature with samples for isothermal 
absorption processes. The samples were then allowed to absorb water in the same 
Template 
f 
25mm -
j ... IOOmm ...j 
Figure 6.1 Schematic diagram of configuration of template with electrode 
sensor array and installation within cuboid gypsum plaster samples 
experimental setup as that in the sorptivity test, Chapter 3. The sidewalls and the 
far end of sample were all sealed by polythene film to ensure only 
one-dimensional absorption. The absorption processes were monitored by the 
monitoring system described in Chapter 5 and the control software for one-layer 
transport (Figure 5.11) was applied during this test. 
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6.2.1.2 Results and discussions 
The moisture profiles obtained for the five types of materials are presented in 
Figure 6.2 (a), (b). The dash lines indicate the position of sealed ends of samples. 
The normalised moisture content, defined by equation (2.6), was applied 
throughout. The maximum moisture content um is set to the saturation value 
obtained in measuring porosity (Section 2.2.2, Chapter 2). The initial moisture 
content u0 was obtained by averaging the smallest values of moisture content on 
the curves. 
From the moisture profiles produced, several conclusions can be obtained: 
(1) The moisture profiles indicate significant diffusion characteristics as normal 
diffusion processes. The smooth change in the slopes of the curves indicates the 
high dependence of the diffusion rate on moisture content (see next section for 
diffusivity curves). If the diffusivity is assumed to be constant, the profiles will 
present a near straight line shape and it has been proved in soil physics that the 
experimental results do not agree with theoretical curves (Kirkham and Powere, 
1972). Clearly it is dangerous to assume the diffusivity to be constant and the 
derived simulation results are not reliable. The distributional feature of moisture 
profiles also implies that the sharp wet front (SWF) model is a very rough 
approximation for real absorption processes. The SWF model is further discussed 
in Chapter 7. 
(2) Various materials with different sorptivities show significant differences of the 
speed of movement of the moisture profiles, namely, the higher the sorptivity, the 
higher the rate of movement of moisture profiles. The times needed for moisture 
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profile to reach the end of samples vary from about 55 minutes for BUP material 
with higher sorptivity to about 3325 minutes for UOP material with very low 
sorptivity. As discussed in Chapter 3, the composition of commercial gypsum 
plasters significantly affects the sorptivity or the absorption rates. Here it can also 
be concluded that the composition also significantly affects the diffusion 
performance or distribution feature of moisture profiles within gypsum plaster 
materials. 
It should be mentioned that the profiles present some fluctuations on the curves. 
This may be caused by the defects of microstructures within the samples such as 
air bubbles, unhydrated gypsum, which may affect the contact resistance of the 
electrodes or resistivity of materials respectively and hence affect the reading of 
moisture content. 
6.2.2 Transport within two-layered composites 
6.2.2.1 Experimental method 
In preparing the two-layered composite samples, a polythene barrier and backstop 
bar was applied and the electrodes were embedment using two half-size templates 
(see Figure 6.3). First, the barrier was placed at the centre of a slot of the gang 
mould and then the paste of material was poured into the mould and then the 
electrodes were embedded with half size template installed ten pairs of electrodes 
(see Figure 6.3 a). Vibration of the assembly of sample and electrodes ensured 
good contact of the electrodes with the surrounding material. After 1 to 2 hours 
when the first half of sample started hardening, the barrier was removed and then 
the second half of the sample was prepared similar to the first half using another 
half sized template with ten pairs of electrodes. Sufficient stirring of the paste near 
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Figure 6. 3 Preparation of two-layer composites using polythene barrier 
and two half sized template installed 10 pairs of electrode sensors each 
After setting, drying and cooling to ambient temperature, the moisture absorption 
tests were carried out in the same way as the one layer absorption test. Monitoring 
was again achieved by the system developed where the data acquisition and data 
processing were controlled by the program for two-layered composites shown in 
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For each sample absorption in the reverse direction was also monitored, aiming to 
compare the differences of transport processes from both higher to lower 
sorptivity medias and from lower to higher sorptivity medias. 
6.2.2.2 Results and discussions 
Figure 6.4 and Figure 6.5 present the moisture profiles observed for the transport 
processes from higher to lower sorptivity media and from lower to higher 
sorptivity media respectively. They display substantially different performance for 
the same samples because of transport in opposition directions. 
When moisture transfer is from higher to lower sorptivity media (Figure 6.4), the 
moisture front moved rapidly through the first layer to the interface and quickly 
approached the equilibrium state, i.e. u,. ~ 1 at all positions of the first layer. This 
was indicated by the initial sparse moisture curves and dense moisture curves later 
when approaching the saturated states in the first layers. On the other hand, when 
moisture entered the second layer, the transport behaviour is similar with the 
absorption process with the saturated absorption end because most of the moisture 
content values of the curves within the second layer is about u,. ~ 1. 
Transportation within the second layer was dominated by the instinct property of 
material. Figures 6.4 (a) and (b) present a similar transport performance through 
two-layered composites. 
When the moisture transfer occurs from lower to higher sorptivity media (Figure 
6.5), the transport processes are significantly different to the previous case. 
Because of the low sorptivity feature of the first layer, the moisture profiles move 
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Figure 6. 4 Absorption processes from higher sorptivity material to low 
sorptivity materials within two-layered composite of dissimilar materials. 
(a) From BUP to BCP and (b) From MFP to UOP 
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Figure 6.5 Capillary absorption processes from lower sorptivity material 
to higher sorptivity materials within two-layered composite of dissimilar 
materials. (a) From UOP to MFP and (b) from BCP BUP 
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forward slowly with time and cannot reach equilibrium state or saturation state 
until the next layer approaches the saturation state. In the second layer, because of 
the higher sorption rate than the first layer, the moisture profiles move forward 
quickly and reach the sealed end of the sample in a short time. After a certain 
length of time, the second layer approaches the equilibrium state, i.e. similar u,. 
values at all positions in the second layer and the equilibrium value u,. increases 
following the increase of moisture content near the interface in the first layer. This 
implies that the moisture transport in the second layer is dominated by the 
absorption rate of the first layer. 
In conclusion, the behaviour of moisture transport through two-layered 
composites depends very much on the sorptivity values of the two media. When 
the transport is from higher to lower sorptivity media, the transport in the second 
layer is dominated by the second layer itself. But if the transport is from lower to 
higher sorptivity media, the transport in the second layer is dominated by the first 
layer. It is reasonable to predict that the extent of domination of the first layer on 
the second layer is determined by the ratio of sorptivity of the two layers. This 
will be further discussed in connection with the simulations carried out in the next 
chapter. 
6.3 Diffusivity from transient moisture profiles with Boltzmann 's 
transformation 
6.3.1 Introduction 
As described in Chapter 2 the moisture diffusivity, D (u), is a key characteristic of 
porous materials, affecting the moisture transport behaviour. With diffusivity as a 
function of moisture content known, the moisture transport processes can be 
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completely determined by the extended Darcy's Law (2.20) for any particular 
boundary and initial condition problems (see Chapter 7 for details). 
However, in most previous research, the measurement of diffusivity was 
determined by the drying curve method, i.e., measurement of the mass as a 
function of time. However, in those cases a relation has to be assumed between 
the moisture diffusivity and the actual moisture content, which cannot be verified 
experimentally. These methods therefore, in general, give an incorrect estimate of 
the moisture diffusivity (Pel, 1995). Although Gurnmerson et al (1979), Pel and 
Pel et al (1995, 1996) and Hoff et al (1996) determined the diffusivity function 
from experimental moisture profiles observed by NMR or positron emission 
tomography techniques, the assumption of simple exponential format of 
diffusivity as a function of moisture content has still been applied, i.e. D(u) = Do 
exp(au) where Do and a are parameters which can be determined by regression. 
Furthermore, experimental investigations have shown that the diffusivity function 
of gypsum type materials cannot simply be described by one exponential function 
and two different exponential functions have to be applied (Pel, 1995). The valid 
range of each function was empirically determined by the author. So new 
technique or procedure for determining the diffusivity function of gypsum type 
materials from moisture profiles needs to be developed. 
There are two different ways for determining diffusivity of liquid water from 
moisture profiles: 
(1) Direct methods from moisture profiles. This is one of the commonly applied 
methods for determining the diffusivity of water and there have been several 
different particular procedures. Matano (1933) calculated the diffusivity of solid 
materials by using one moisture profile at a certain of time. Kaspar (1984) 
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developed a gradient method based on measunng two moisture profiles for 
different times. Cerny and Toman (1997) developed a difference method subjected 
to knowing one value of moisture diffusivity. Drchalova (2002) employed the 
double integration method by using several moisture profiles for calculating the 
moisture diffusivity. Despite this, it is difficult to obtain high precision results 
from these methods using one or two profiles because of less sampling of 
moisture profiles. 
(2) The Bruce and Klute method using Boltzmann's transformation. Bruce and 
Klute (1956) applied Boltzmann transformation to the spatial and time variables 
and changed the nonlinear diffusion equation into an ordinary differential equation 
and an equation determining the diffusivity was obtained. In this method, as many 
as possible moisture profiles can be considered to produce a master curve and the 
diffusivity can be determined from the master curve. 
The Bruce and Klute method prevents the possible error caused by the application 
of only one or two moisture profiles and may gives more reliable and accurate 
results in determining the unsaturated moisture diffusivity. In this thesis, the 
regression method and numerical method for determining the diffusivity function 
from master curves are applied and compared. 
6.3.2 Boltzmann's transformation, master curves and derivation of diffusivity 
6.3.2.1 Boltzmann's transformation of diffusion equation and expression of 
diffusivity 
To carry out the transformation, the diffusion equation described in Chapter 2 for 
water absorption process within a horizontally placed porous sample was 
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rewritten as follows: 
au = _!?_(n(u) au) 
at ax ax 
(6.1) 
where u is the moisture content at a horizontal distance from the inflow end of the 
sample. Equation (6.1) is a non-linear partial differential equation and cannot be 
solved by usual methods. By using the Boltzmann Transformation, the form of an 
ordinary differential equation ( 6.1) can be obtained. 
Consider an initial and boundary condition problem with the following 
constraints: 
{
u(x,t) = u0 
u(x,t) =us 
for x > 0, t 0 
for x = 0, t > 0 
(6.1a) 
(6.1b) 
The above conditions mean that, the initial moisture content for all points (x>O) 
within the sample is u0, and the water is applied at the absorption end (x=O) where 
it is maintained at saturation moisture constant (us) at all times (t>O). 
Now let u be expresses by a new variable l, namely 
u = j(l) (6.2) 
where l is a function of x and t, defined by: 
(6.3) 
Equation (6.3) is called the Boltzmann transformation. 
167 
The equation (6.1a) and (6.1b) maybe written as: 
{
u(A) = U 0 
u(A) =us 
for A = oo 
for A = 0 
(6.1c) 
(6.1d) 
Assuming that the moisture content, u, varies smoothly (i.e. it is continuous and 
differentiable) with x and t and therefore A., a further condition can be obtained: 
du = 0 c: 10f U = U 0 dA, 
Using the chain rule for the differential of composite functions: 
And 
Hence 
From equation (6.3), 
au 
- = 
at 
au 
= 
ax 
au 
at 
au aA 
--
aA at 
au aA 
--
aA ax 
1 A 
= ---
2 t 
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(6.le) 
(6.4) 
(6.5) 
(6.6) 
(6.7) 
(6.8) 
Substituting equation (6.7) and (6.8) in (6.6) and then placing the results in 
equation ( 6.1 ), a simplified diffusion equation can be obtained: 
2!!_(D(u) du)+A du 0 
dA dJ.v dA 
(6.9) 
The non-linear moisture transport equation (Darcy's law) can then be reduced to 
the ordinary diffusion equation (ODE) as (6.9). 
From the ODE form of diffusion equation (6.9), a useful expression of diffusivity 
function is obtained as follows: 
Equation (6.9) maybe rewritten as: 
A du d(D(u)~) 
---= 
2 dA. dA. 
(6.10) 
By multiplying (6.10) by d), and integrating both sides between the limits uo to u = 
u, we have 
- _!_ [ .A. du = [ d(n du J 
2 0 0 d.A. 
D(u)(duJ -D(uo)(duJ 
d.A. u d.A. uo 
(6.11) 
The last term in the above equation is zero according to equation (6.1e). Therefore, 
(6.11) becomes: 
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-1 r A du = r d(D duJ = D(u)(duJ 
2 0 0 dA dA u 
(6.12) 
This can be rewritten as: 
D (u) 1 
u 
JA-du' (6.13) z(~) 
d A u 
u 0 
Equation (6.13) is a relation between D(u) and moisture content u. It is important 
because D(u) appears on the left side only and hence can be used to calculate the 
diffusivity as a function of u for materials if the u-2 dependence is known. The 
equation (6.13) will be further discussed and employed to determine the 
diffusivity of gypsum plaster materials by both regression method and numerical 
method separately in the next section. 
6.3.2.2 Master curves of moisture profiles 
Using (6.2) and (6.3), the Boltzmann transformation may be written as 
A.(u) = xf112 (6.14) 
Equation (6.14) implies that A. is a function of moisture content u and is equal to 
the product x f 112, where xis any finite distance from the absorption end of the 
sample where inflow is occurring and t is the time measured from the instant 
when water absorption commences. The transformation means that if there are 
positions along the sample where u has the same value, then, regardless of the 
positions x, time t and a given particular moisture profiles, the product xf112 will 
be constant. Hence, only one curve for moisture content u and }. will be produced 
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for a particular absorption process within a certain material. In other words, if the 
moisture profiles for different times are transformed using the Boltzmann 
transformation, all the u versus A data will fall into one curve. This curve is called 
the master curve of the transport process within a particular media. Transport in 
different materials produce different master curves. 
Figure 6.6 show the experimentally determined master curves of five types of 
gypsum plaster materials during the water absorption process. For each material, 
the experimental u and A data approximately fall into a single master curve. 
Because of the different absorption rate or moving rates of moisture profiles, 
different materials display different master curves. 
According to equation (6.13), if the master curve is obtained from experimental 
moisture profiles, the diffusivity as a function of moisture content can be 
calculated. The procedure includes several steps: (a) Experimental moisture 
profiles for a transport process, (b) transformation of the experiment data in 
moisture profiles by Boltzmann transformation and plotting of the u - A master 
curve, (c) Calculation of the integral r Mu and differential (du/ dA, l =u and 
then the diffusivity at moisture content u can be obtained from (6.13). In the 
present thesis, step (c) has been tried by two different means in the next two 
sections. 
Because the master curve IS obtained through the transformation of all 
experimental moisture profiles and therefore the random error from a single 
particular moisture profile can be avoided, the diffusivity functions obtained from 
master curves should be more reliable and accurate when they are used for 
simulation investigation. 
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in the previous section. The diffusivity as a function of moisture content can then 
be analytically derived directly from equation ( 6.13). 
6.3.3.1 Curve fitting of master curves 
The curve fitting for the master curves was performed utilizing professional curve 
fitting software, GraphPad Prism*. Non-linear regression was applied with 
constraints of Umax=1 and Umin=O. Three kinds of fitting function were applied and 
compared. After comparing the correlation coefficients, the Basic dose response 
curve function was chosen as the best function describing the master curves 
because of the highest correlation coefficients. This function can be expressed as: 
1 
u l+lO(a-A)·b (6.15) 
The a, b values for different gypsum materials are summarized in Table 6.1. The 
results show the high correlation coefficients R2 (>96% ), indicating that the 
regression results are acceptable, namely the Basic dose response curve can fit the 
experiment master curve well. 
Figure 6.7 (a) to (e) present the experimental master curve and regression curves 
using the Basic dose response curve. The regression of experimental master 
curves produced excellent correlation coefficients (Table 6.1 ). The obtained 
regression function for the master curves were used to calculate the diffusivity 
together with (6.15) and (6.13). But, it should be aware that the regression curves 
in Figure 6.7 (a) to (e) showed larger deviation within the range of 
• GraphPad Prism, Prism 4 for Windows, version 4.01 (Trial, 2004), developed by GraphPad 
software Inc. (USA). 
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Table 6.1 The regression coefficients a, b values for different gypsum materials 
and corresponding R2 values 
POP UOP BUP BCP MFP 
a 3.048 1.359 13.15 5.01 5.315 
b -2.889 -4.066 -0.688 -0.7749 -1.084 
R2 0.9928 0.9675 0.9798 0.9681 0.9844 
0.5<u<1, especially for Figure 6.7 (e). In addition, the regression master curves 
present symmetric pattern at point of u = 0.5, namely if the regression curve turns 
at the angle of 180° , the curve is the same with that before turning. But the 
experimental master curves do not show this type of symmetry. 
6.3.3.2. Diffusivity functions and dependent curves on moisture content 
Differentiating ( 6.15) by utilising Matlab gives: 
From (6.15), A can be derived as follows: 
1-u In--
A=a---u-
b ·lnlO 
Integrating ( 6.16) between the limit 0 to u with respect to u, gives G: 
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12.5 
G = 
(6.18) 
where the constants P 1=2.592 xl0
15 and P2=1.126x1015• The diffusivity (6.13) can 
be expressed in terms ofF and G as: 
G 
2F 
(6.19) 
Combining (6.16), (6.17), (6.18) and (6.19) with a, b values in Table 6.1 for 
specified materials, the diffusivity function D(u) can be determined. The results 
are presented with Figure 6.8 (1 to 5) showing the dependences of diffusivities on 
normalized moisture content. 
The curves indicate that the logarithm of diffusivity shows an approximately 
linear variation with moisture content over most of the moisture content range, but 
deviates in the small moisture content range. The curves for all five type of 
materials show a minimum value for diffusivity, i.e. as the moisture content is 
lowered, the diffusivity initially decreases and then dramatically increases when 
moisture content becomes lower than a certain point of moisture content Umin 
defined as the lowest point of the curve. Table 6.2 lists the values of Umin obtained 
for the five gypsum materials. The sharp increase of diffusivity is most likely 
caused by the fact that the capillary pressure will significantly increase when u,. 
becomes lower (Dullien, 1992). 
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Figure 6.8 Dependence of logarithm oj 
Diffusivity (lnD) of gypsum plasters as 
junction of normalized moisture content 
for five types of gypsum materials. 
Table 6.2 The values ofuminfor five types of gypsum materials investigated 
BCP BUP pp UOP MP 
Umin 0.12 0.06 0.07 0.08 0.08 
Concluding, the assumption of an exponential format of the dependence of 
diffusivity on moisture content, which has been commonly used in research of 
capillary absorption processes for porous materials as in various references cited, 
is not valid for small values of moisture content. A new general function 
describing the dependence of diffusivity on moisture content, as shown by 
equation (7) - (10), was determined by non-linear regression of master curves. 
The master curve fitting method provided a new procedure for determining the 
diffusivity functions for porous materials. 
There were some problems with the method used for the curve fittings. First, the 
fitted curve caused large error in the slowly declining region of the master curves, 
i.e. a sharp tum of fitted curves was produced. This may result in large deviations 
between the simulated moisture profiles using the above diffusivity functions and 
the experimental ones. Second, the fitted curves are asymmetric against the knee 
points of each fitted curve and hence they did not necessarily represent the trend 
of experimental master curves. 
6.3.4 Diffusivity by numerical method 
Considering the errors caused by regression to fit the master curves, it was also 
tried to obtain the diffusivity directly from experimental moisture profiles utili~ing 
an approximate numerical method. The mathematical expressions of diffusivity as 
a function of moisture content were then obtained by regression of the diffusivity 
results. 
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6.3.4.1 Numerical approximation of diffusivity functions 
The numerical approximation of diffusivity expression of equation (6.13) can be 
obtained by approximation of the differential and integral terms within the 
equation. 
(1) Finite-difference approximations of differential ( du/dA )ju=u 
The differential at point P on Figure 6.9 can be numerically approximated by the 
slope of PR (forward difference), AR (central difference) or AP (backward 
di fference) (Smith, 1992). Apparently the central difference approximation is the 
best one for representing the differential at point P. 
The following are the general derivation of formula and the caused error. 
When a function y and its derivatives are single-valued, finite and continuous 
function of x, the by Taylor's theorem, 
y (x+h) =y(x) + hy 1(X) + 112 h2y 1 1 (x ) + 116 h3 Y 1 1 1 (x )+ ... (6.20) 
y (x-h) =y(x )- hy 1 (x ) + 112 h2y 1 1 (x ) -116 h3 y 1 1 1 (x )+ .. . (6.21) 
Addition ofthese two expansions gives 
y(x+h)+ y(x-h) = 2u(x ) + h2y 1 1 (x ) + O(h4) (6.22) 
where O(h4) denotes the terms containing fourth and higher powers of h. 
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A 
} ( x- h) _y(x ) } (X + h) 
0 x -h X x+ h X 
Figure 6. 9 Schematic diagram of numerical approximation of differential term 
Assuming that these are negligible in comparison with lowers power of h it 
follows that, 
(
d
2 J 1 y"(x)= dx.; x=x ~h2{y(x+h)-2y(x)+y(x-h)} (6.23) 
with a leading error on the right-hand side of order h2• 
Subtracting equation (6.20) from equation (6.21) and neglecting of terms of order 
h3 leads to 
y'(x)=(dyJ ~ -1 {y(x+h)-y(x-h)} 
dx x=x 2h 
(6.24) 
with error of order h
2
. 
Equation (6.24) clearly approximates the slope of the tangent at point P by the 
slope of the chord AR, and is called the central-difference approximation. 
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For the experimental master curves u - A for a moisture transport process, the 
numerical approximation of differential (d%At=, was then obtained 
according to equation (6.24) as follows: 
du 1 { } F = - =- u(l1 + -111)- u(l1- .111) 
dA u=u 2A (6.25) 
(2) Numerical approximation of the integration 
The approximation of integration consisted of two steps: area under the curve of A 
versus u was divided into a finite number of trapezoidal strips (see Figure 6.1 0), 
and then the areas of these strips was summed. 
"'-i+ l 
U; Ui+ l u 
Figure 6.10 Schematic diagram of the numerical approximation of integration 
The area of the ith strip is: 
(6.26) 
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The integration can then be approximated by the sum of the strip areas 
G = f A-du = L (A-i+l +A-J·(ui+l -ui)/2 
i 
(6.27) 
Finally, the approximation of diffusivity was expressed according to equation 
( 6.13) as the following: 
6.3.4.2 Results and discussions 
G 
D(u) =-
2F 
(6.28) 
The numerical calculations of diffusivity from transient profiles were fulfilled by 
MS Excel software package utilising the equations (6.25), (6.27), (6.28) and the 
experimental data points on master curves as shown in Figure 6.6. The results are 
presented in Figure 6.11 (a) and (b) for the five types of gypsum plasters, where 
the diffusivity is presented using a logarithmic scale and a normalized moisture 
content (NMC) is applied. The dots on the curves denote the numerical 
calculation results by equation (6.28). From the curves of diffusivity, some 
important conclusions were obtained: 
(1) The overall trend in the full range of NMC of the curves presents a large 
deviation from the linear relation between lnD and NMC. The linear regression, 
dash lines in Figure 6.11 (a) and (b), produced low correlation coefficients (0.76 
to 0.89). So the assumption of an exponential format of diffusivity as a function of 
moisture content is not valid for gypsum materials. 
(2) The numerical results (dot points in Figure 6.11) displayed similar trends to 
those by the method of master curve regression (Figure 6.8) in the previous 
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section when the moisture content became greater: i.e. the logarithm of diffusivity 
presented an approximately linear relation with NMC at large values of moisture 
content, then there was increasing discrepancy from a linear trend and even a 
change in slope when the NMC became smaller than a certain value. But the 
NMC values at the minimum points by this method are much higher than that by 
the method of master curve regression. The NMC values at the minimum points 
are roughly 0.2 for BCP and MFP, 0.4 for BUP and UOP, and 0.3 for POP. 
(3) The dependence of logarithm of diffusivity on moisture content by the present 
numerical methods can be well fitted with a fourth order polynomial function, 
( 6.29). The solid lines on the curves in Figure 6.11 represent the polynomial 
regression curves. The regression parameters and fitting correlation coefficients 
obtained are summarized in Table 6.3. 
ln(D) = au 4 +bu 3 +cu 2 +du +e (6.29) 
Table 6. 3 Regression parameters and correlation coefficients for diffusivity 
a b c d e R2 
BCP 38.386 -86.632 68.624 -15.443 -0.1181 0.9614 
MFP 21.48 -34.561 21 .268 -2.4356 -0.3488 0.9578 
UOP -25.914 65.409 -43.565 9.8223 -3 .2755 0.9897 
BUP -11.822 17.811 8.9101 -9.707 1.9346 0.9512 
POP 37.989 -56.168 28.577 -4.4197 -1.0061 0.9567 
Table 6.3 shows high regression correlation coefficients for all types of gypsum 
materials, R2 >0.9512. In this case, there was no need to employ two exponential 
functions for the regression of diffusivity curve as was necessary in the work of 
other authors (Pel, 1995). 
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6.4 Conclusions 
This chapter presented the experimental results of moisture transport processes 
within one layer and two-layered composites of gypsum plaster materials and the 
dependence of diffusivity on moisture content was determined from experimental 
transient moisture profiles by two different ways. 
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The experimental investigation of single layer transport produced the moisture 
profiles of water absorption processes. The moisture profiles presented apparent 
diffusion feature of transport and indicated significant dependence of diffusivity 
on moisture content. They provide the direct and real performance of materials in 
transport processes and so they are important to verify any further theoretical 
modelling and computer simulation results for the materials. They also provided 
fundamental data to determine the key diffusivity functions for different materials. 
The experiments of moisture transport through two-layered composites revealed 
results displaying significantly different features when the moisture transfers 
through opposite direction in a dissimilar two-layered composite. The transport in 
the second layer may be dominated by the first layer when the transport is from a 
lower sorptivity to a high sorptivity media. 
The dependent functions of diffusivity on moisture content were determined by 
the method of master curves regression and numerical approximation method 
utilising both professional regression tools and mathematics respectively. The 
results revealed that the assumption of exponential format of diffusivity as 
function of moisture content is not valid for gypsum materials. They also revealed 
the existence of turning points on the diffusivity curves presumably caused by the 
dependence of capillary pressure on saturation level of moist media. The 
diffusivity function obtained by these two methods is applied and compared in the 
theoretical simulation of transport processes in the next chapter. 
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CHAPTER 7 NUMERICAL SIMULATION OF MOISTURE 
TRANSPORT PROCESSES 
Summary In this chapter, a brief literature rev1ew of research on theoretical 
modelling and simulation for moisture transport is first presented. Following the 
finite element formulation of the diffusion equations, the water absorption 
processes within uniform gypsum materials and two-layered composites were 
simulated based on extended Darcy's law. Through comparison with 
experimental results, the proposed models and the diffusivity function obtained in 
the last chapter had been shown to be successful in describing moisture transport 
processes within uniform materials and two-layered composites. 
7.1 Introduction 
Theoretical simulation of moisture transport helps understand the mechanism of 
transport processes, extend the experimental range and predict new physical 
phenomenon. Various modelling and simulation research on moisture transport 
within porous building materials have been carried out utilising concepts and 
theories in soil physics and considering the unique properties such as finer pore 
size distribution and associated stronger capillary forces of building materials. 
This mainly includes the sharp wet front (SWF) approximation model, diffusion 
models with the finite element method and analytical methods for simplified 
conditions. 
The SWF model was first proposed by Green and Ampt (1911) in soil physics. It 
assumed that the water content of the wetted region behind the wet front is 
uniform and the water content of the materials beyond the wet front is equal to its 
initial water content. This model was first systematically applied by Wilson et al 
(Wilson (1992, 1995, 1995a, 1997) and Hall et al (1996) to deal with water 
absorption processes within construction materials such as mortar, concrete, 
plasters and also two-layered and n-layer composites. The findings were in good 
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agreement with experimental results in predicting the speed of movement of the 
water front and the influence of hydraulic properties of materials. But the SWF 
model can only give an average description and prediction of moisture movement. 
It is not able to describe the moisture distribution profiles. For high diffusivity 
porous materials, the moisture distribution varies significantly with position and 
no apparent sharp wet front can be observed. In view of the practical usage, the 
true moisture content at any position within construction materials is important 
because it always relates to potential damages, for example corrosion of 
reinforcement by salt migration and degrading of materials. For two-layered or n-
layered composite, the moisture distribution significantly affects the transport 
performance through the interfaces and affects the rate of moisture movement in 
either water absorption processes or drying processes. A precise description of 
moisture transport processes is needed based on the diffusion equation (Hall et al, 
1996). 
The physical theories of diffusion processes have been well developed in soil 
physics and diffusion equations are all well established. Because of the non-linear 
feature of diffusion equation (see Chapter 2), analytical solutions are difficult to 
obtain and so limit the application to complex cases. The finite element method 
(FEM), as a numerical approximation method, has been widely applied to solve 
non-linear diffusion equations (PDEs) with substantial success. Some papers have 
been published to deal with moisture transfer processes with FEM method for 
construction materials. As an example, Clothier et al (1981) obtained the water 
content profiles of sand under constant flux boundary condition with the aid of 
FEM on the basis of experiment results. Kalimeris (1984) and Deangelis (1998) 
investigated the rain absorption by brick wall under the constant flux boundary 
condition. Pel (1995) simulated the water absorption processes for fired clay brick 
and mortar and obtained satisfactory results. 
However most of the previous numerical simulation research considers the 
' 
constant flux boundary condition, e.g. constant absorption rate for water 
absorption processes (such as rain absorption of external wall). Actually, many 
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absorption processes are subjected to saturation boundary condition or non-
constant flux boundary condition. For water absorption processes as discussed in 
Chapter 3, an apparent question will arise that, the absorption rate can be express 
as the so-called "Ji law", i = Sb ·t 112 and showed that the absorption rate is not 
constant but varies with square root of elapsed time. It is interesting to do the 
simulation of transport processes if the variable absorption rate is applied to 
boundary conditions. In addition, for the materials of gypsum plasters, it has been 
found that it presents unique properties compared with other construction 
materials in diffusion processes (Pel, 1995). The diffusivity cannot be expressed 
as a single exponential function of moisture content and so polynomial regression 
has to be employed (described in Chapter 6). It is important to verify whether the 
polynomial function of diffusivity can successfully describe the diffusion 
processes within gypsum plaster materials. 
As pointed out in Chapter 1, modem building walls are multi-layered structures 
minimising moisture ingress and maximising heat insulation. It is fundamentally 
important for simulating the moisture transport processes within because it is able 
to predict the moisture and heat transport performance within multi-layered walls 
for the purposes of moisture proof or thermal insulation. Luikov (1966) 
investigated the mass transport within a double-layer wall using an analytical 
method by assuming that the diffusivity of materials is constant or independent on 
the moisture content. However, as proved by Chapter 6, the diffusivity of gypsum 
materials and many other construction materials (such as mortar, brick and 
cement-sand-lime plasters) is strongly dependent on moisture content. So the 
assumption of constant diffusivity highly limited the effectiveness of the 
prediction from the simulation of transport within multi-layered walls. For the 
simulation with non-constant diffusivity transport, a numerical technique is 
needed to solve the non-linear partial differential equations with the aid- of 
computer. Following an intensive literature review, no research on the simulation 
of multi-layered composites for the case of non-constant diffusivity with 
numerical methods has been found. 
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In summary, this chapter provides simulation of one-dimension water absorption 
processes within gypsum plaster materials and two-layered gypsum plaster 
composites using FEM numerical technique based on extended Darcy's law. The 
diffusivity functions obtained for gypsum materials in the last chapter are applied 
and the simulation results compared with experimental results. 
7.2 Non-linear diffusion equations and the finite element formulation 
Water absorption processes widely exists in building such as damp rising, raining 
absorption etc. It normally happened in two or multi-layered composites such as 
multi-layered walls. The moisture transport behaviour through uniform materials 
and layered composites affects the waterproof and thermal insulation performance 
of walls and so the comfort levels of the living environment of buildings. As 
theoretical models, the absorption of water into the uniform and two-layered 
gypsum plaster materials from a water source was considered in this chapter. 
The fundamental assumption for the modeling of the absorption processes is that 
the extended Darcy' s Law is valid for describing the one-dimensional unsaturated 
moisture transport processes within uniform materials and two dissimilar layered 
composites of gypsum plaster materials. 
In addition, several other assumptions are also made: 
1. Moisture transport is A diffusion process of moisture and the "driving 
force" is the gradient of moisture content. 
2. The diffusivity is dependent on the moisture content. 
3. The evaporation water within the materials and evaporation pressure is 
neglected at ambient temperature (22° C). 
4. The temperature variation within both the materials and the environment is 
ignored and so the water absorption is isothermal process. 
5. The gravitational force on water is ignored whether horizontal or vertical 
absorption processes are considered. 
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6. Dimension changes of sample are not taken into account during the 
absorption processes within uniform materials and two-layered composites. 
In this chapter, the normalised moisture content (NMC), u,. or simply u as defined 
in Chapter 2, was employed in the simulation procedures including fundamental 
Darcy's Law, diffusivity functions, boundary conditions and initial conditions and 
results expressions. The application of NMC is from several practical 
considerations: 
First, normalized moisture content is a more general expression describing the 
moisture state of porous materials then the moisture content by weight or by 
volume. Unlike the moisture content by volume, it is independent of density. 
Second, it is a more informative quantity. Not only can it be used to compare the 
moisture content in different moist states it can also be used to indicate the level 
of saturation of the materials. 
Thirdly and most importantly, normalized moisture content IS convenient m 
simulating the transport processes within two dissimilar layered composite. If the 
normalized moisture content is applied, the constraint of the maximum values of 
moisture content for different materials does not need to be considered in 
formulating mathematical equations of the problem. The expression of governing 
equation, boundary and initial condition and also the programming of software 
will be significantly simplified. 
Consider the transport process in one layer uniform material with length L (see 
Figure 7.1 for the coordinate system). The sample starts absorption from a dry 
state. The inflow surface was considered to be saturated immediately when it 
came in contact with water. This was the case for both uniform materials and two-
layered composites. The sidewalls of samples were sealed tightly and so the water 
absorption were maintained in one-dimension. 
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Sealed surface 
en 
~~.....: 
~ 
g ~~~~~~~~~~L-----~ 
0 Sealed surface L X 
Figure 7. 1 Schematic diagram of water absorption within one layer 
uniform materials 
Under above assumptions, the transport can be described by the diffusion equation 
(extended Darcy's Law) 
au = j_(n(u) au) 
at ax ax 
(7.1) 
where u is normalized moisture content, x is the spatial coordinate along the 
length of the sample, t is the time elapsed time after the sample first started 
absorbing water from the left end of the sample, D(u) is the diffusivity as a 
function of moisture content for the material under investigation. The diffusion 
equation (7 .1) is subjected to the following initial and boundary conditions: 
u = 0, t = 0 x>O 
u = 1, X= 0, t 2: 0 (7.1a) 
D au= 0 
ax , X= L , 
t 2: 0 
For the transportation within two-layered composites (see Figure 7.2), the 
transport observes the same diffusion equation as (7.1) and boundary condition 
(7.1a). But step functions ofdiffusivity D(u), (7.1b), have to be applied to the two 
different diffusivity functions. 
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Sealed surface 
0 Sealed surface L/2 Sealed surface L X 
Figure 7.2 Schematic diagram of water absorption within two-layered 
composite materials 
D,(u), 
L O~x~-
D(u) = 2 (7.1 b) 
L 
D2(u), -<x~L 2 
The finite element method (FEM) (Huebner 1995, Zienkiewwicz, Taylor 2000, 
K won and Bang 1997) provide numerical solution to diffusion equation (7 .1) in 
the finite domain of length L (or domain Q conventionally applied in FEM 
books) , subjected to condition (7.1a) or (7.1 b). The FEM is based on minimising 
the weighted residual using finite elements and piecewise continuous functions 
determined in terms of nodal variables. 
Consider a finite element shown in Figure 7.3, the corresponding coordinate value 
(xi or xi+t) and nodal variable, normalized moisture content (ui or ui+J). The 
distribution of u within each element has the form: 
where the superscript refers to element e. It is assumed that the moisture content 
varies linearly with the spatial coordinate, x, within each element. The normalized 
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Figure 7. 3 The distribution of normalized moisture content u within one 
element of domain Q 
moisture content can then be written in terms of its known nodal values and the 
coordinates of the nodes as the following: 
(7.2) 
The approximate solution of nodal variables (normalised moisture content u;) can 
be solved by minimizing the integral of the weighted residual error. The 
Galerkin' s method was applied, which, for one element, writes the minimization 
as follows: 
(7.3) 
After applying integration by part and using the definition of ue in (7.2), (7.3) can 
be rewritten as 
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i , (N;[N](:t {u e})dn+ l "(D(u e)a;; a~~]{u e })dQ e 
= [N;D(u e)_£_{u e }] 
ax Q '' 
(7.4) 
The above equation is valid for all elements, and summing all similar equations as 
(7.4) for all elements yields the finite element matrix equation: 
(M ]~ { u e} + (K] { u e} = {F }' at (7.5) 
in which 
[M]= I JNTN dn 
[K]= I fD(u e) aNT aN dn 
ax ax (7.5b) 
[F ]=I [NT D(u e) ~ {u e }] 
ax Q " 
In equation (7 .Sb ), [F] was determined by the boundary condition (7 .1 a) for 
transport in uniform materials or (7.lb) for transport within two-layered 
composites. Since equation (7.5) should be true at any time, the superscript t 
denotes the time when the equation is satisfied. 
A finite difference scheme is normally applied for the time discretisation of (7.5) 
using backward difference technique (Kwon and Bang, 1997), i.e. 
(7.6) 
The matrix equation (7.5) and time integration (7.6) were solved by programs 
with Matlab software package (version 6.5) utilizing PDEPE subroutine. 
7.3 Simulation results and discussions 
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7.3.1 Preliminary simulation with the diffusivity by regression of master 
curve 
The trial simulation was conducted usmg the diffusivity obtained by the 
regression of the master curve, discussed in Section 6.3.3. Figure 7.4 shows the 
simulation profiles of browning undercoat plaster in the absorption process using 
initial and boundary conditions (7.la). 
Comparing with the experimental results of BUP in Figure 6.2a, the speed of 
movement of simulation moisture profiles in Figure 7.4 presents similar time 
scales to that of experimental profiles at different times. This indicates to some 
extent the success of the diffusivity function obtained by fitting the master curves. 
But the simulation profiles showed significantly different pattern compared with 
experimental profiles. The simulation profiles are symmetric against the point of u 
=0.5, namely if a profile turns at 180° angle, the profile is the same as that before 
.., 
Q) 
N 
0 
~ 0.4 
0 
c: 
0.2 
Solution profiles from 0 to 70 minut es. 5 minut es interval. 
Distance x/mm 
Movement of 
moisture profile 
... 
90 100 
Figure 7.4 Preliminary simulation of absorption process within BUP 
materials using the diffusivity by fitting the master curves. 
the turning of the profile. However, the experimental moisture profiles do not 
present this symmetric feature at all. So it is not satisfactory to simulate the 
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transport processes by using the diffusivity function obtained by fitting master 
curves. The following section showed that the diffusivity functions obtained by 
numerical approximation method achieved high agreement with experimental 
results. 
7.3.2 Simulation of transport within one layer uniform materials 
Simulations were conducted for all five types of gypsum plasters with the same 
initial and boundary conditions shown by (7.1a). The diffusivity functions D(u) 
obtained by the numerical approximation method determined by (6.28) and Table 
6.3 were applied to each material. 
Figure 7.5 (a) - (e) show the simulation moisture profiles for the five types of 
gypsum plasters. Comparing with the experimental moisture profiles in Figure 6.2 
(a), (b) and (c), the simulation moisture profiles present high agreement with those 
of experimental results in the time scales of moving rate of profiles and the feature 
of moisture distribution at each moisture profile. The times for the moisture front 
to reach the sealed end at the right side (dash lines) vary from about 50 minutes 
for BUP material to about 3900 minutes for UOP material which are in the same 
order with those in the experimental results shown in Figure 6.2 (a), (b) and (c). 
Comparing with the simulated moisture profiles in Figure 7.4 using the diffusivity 
by fitting the master curves, the polynomial format diffusivity functions obtained 
by the numerical method are much better at simulating the water absorption 
processes within gypsum type materials. They are in agreement with experimental 
moisture profiles in not only time scales but also the profile patterns 
Figure 7.6 showed the comparison between simulated master curves (solid lines) 
with experimental master curves (dots). The simulation master curves were 
obtained by Boltzmann's transformation of simulation moisture profiles. 
Apparently, the simulation master curves match the experimental master curves 
extremely well over all the range of moisture content. They represent the same 
patterns as that of the experimental master curves showing the dependence of 
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moisture content on Boltzmann variable A. (=xf 112) . Comparing with the 
regression master curves in Figure 6.7 (a) to (e), the simulation master curves 
achieved much better agreement with experimental master curves. 
Considering the assumptions m Section 7 .2, the following conclusions were 
obtained from the simulation results: 
(1) The extended Darcy's Law can successfully describe the water absorption 
processes within gypsum type materials using saturation boundary condition 
and obtained diffusivity function obtained by numerical approximation from 
experimental transient moisture profiles. 
(2) At ambient temperature (22° C), the water absorption processes within gypsum 
plaster materials behave as isothermal processes, and evaporation of water 
within materials and effects of gravity can be neglected. 
(3) The format of diffusivity as a fourth order polynomial function of moisture 
content can successfully describe the water absorption processes within one 
layer uniform gypsum materials for which the conventional exponential 
format of diffusivity function is no longer valid. 
(4) The procedure for determining the diffusivity by numerical approximation and 
polynomial regression from experimental moisture profiles is successful for 
gypsum types of materials. The diffusivity functions obtained can be used in 
the simulation oftransport within two-layered composites. 
198 
Simulation of POP from 0 to 1200minutes, 50 minutes interval 
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Figure 7. 5(a) Simulation moisture profiles of POP from dry state (t = OJ until 
saturation state. (1) - representation with dot-lines, (2) - representation with 
surface graph. 
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Simulation profiles of UOP from 0 to 6300 minutes, 300 minutes interval 
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Figure 7.5(b) Simulation moisture profiles of UOP from dry state(t = 0) until 
saturation state. (1) - representation with dot-lines, (2) - representation with 
surface graph. 
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Simulation profiles of BCP from 0 to 510 minutes, 30 minutes inteJVal 
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Figure 7. 5(c) Simulation moisture profiles of BCP from dry slate (t = OJ until 
saturation state. (1) - representation with dot-lines, (2 - representation with 
surface graph. 
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Simulation profiles of BUP from 0 to 75 minutes, 5 minutes interval 
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Figure 7. 5 (d) Simulation moisture profiles of BUP from dry state (t = OJ until 
saturation state. (1) - representation with dot-lines, (2) - representation with 
surface graph. 
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Simulation profiles of MFP from 0 to 420 minutes, 20 minutes interval 
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Figure 7.5(e) Simulation moisture profiles of MFP from dry state (t = 0) until 
saturation state. (1) - representation with dot-lines, (2) - representation with 
surface graph. 
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7 .3.3 Simulation of transport within two-layered composites 
The simulations were performed for the transport processes within two samples, 
namely the MFP-UOP structure and BUP-BCP structure, and in opposite moisture 
transfer directions: from higher to lower sorptivity media and from lower to higher 
sorptivity media. The problem was defined by equation (7.1), initial and boundary 
condition (7.1a) and step functions (7.2). The diffusivity functions D(u) obtained by 
the numerical approximation method determined by the use of (6.28) and Table 6.3 
were applied to each material of the composite sample. The two cases are considered 
below. 
Case one: S 1>S1 (MFP --UOP and BUP --BCP) 
According to the results in Chapter 3, the sorptivity values of MFP and BUP are 
greater than that ofUOP and BCP respectively. Figure 7.7 (a, b) shows the simulation 
results for the transport from higher to lower sorptivity materials, namely from MFP 
to UOP and from BUP to BCP, from dry state to saturated state of the composite 
materials. 
First, the simulation profiles in Figure 7.7 achieved reasonable agreement with those 
obtained by experiments (as shown in Figure 6.4 in Chapter 6). However, it was hard 
to make quantitative comparison between simulation profiles and those of 
experiments because the measured data exhibited a high variation due to the diverse 
properties of materials. But the rate of movement of the moisture front in both 
samples showed close agreement between simulation and experimental profiles. For 
the transport from MFP --UOP, the moisture front reached the interface at about 70 
minutes by simulation (68 minutes by experiments), reached the position of 70 mm in 
the second layer at 325 minutes by simulation (at 340 minutes by experiments). For 
the transport from BUP --BCP, the moisture front reached the interface at about 15 
minutes by simulation (also about 15 minutes by experiments), and reached the 
position of 85 mm in the second layer at about 65 minutes by simulation (at about 60 
minutes by experiments). In addition, the pattern of moisture profiles by simulation is 
also similar to that by experiment, namely sparse in first layer and condensed 
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Simulation of tran sport from MFP to UOP from 0 to 1850 minutes, 25 minutes time interval. 
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Figure 7. 7 (b) Simulation results of transport processes from higher to lower 
sorptivity materials, MFP to UOP. (1) - representation with dot-lines, (2) _ 
representation with surface graph. 
207 
in the second layer because of the lower moving rate of moisture profiles in the 
second layer. 
Second, the transport processes within the second layer behaved similar to those 
by saturation boundary conditions and the transports within the second layer were 
dominated by the properties of the second layer. The absorption processes behaved 
as if the samples were directly in contact with the water source and reached 
saturation in a short time. Most of the moisture profiles within the second layer 
have near saturation moisture content (u ~ 1) at the position of interface. The 
speed of movement of moisture profiles and so the moisture distribution in the 
second layer was controlled by the diffusivity of the second layer itself. The first 
layer behaved like the source of water. This phenomenon was caused by the higher 
absorption rate of the first layer and provided enough water for the absorption 
processes of the second layer with lower absorption rate. 
Finally, the simulation results also predicted the time needed for reaching the 
saturation state of the whole sample, which was some times difficult to obtain by 
experiment because of the long time scales and experimental difficulties. It was 
predicted by the simulation that the composite samples reached saturation in both 
layers at the time of 165 minutes for BUP - BCP and 1850 minutes for MFP -
UOP. 
Case two: S1<S2 (UOP- MFP and BCP-BUP) 
Figure 7.8 (a, b) shows the simulation results for the transport from lower to higher 
sorptivity materials, namely from UOP to MFP and from BCP to BUP, from dry 
state to saturated state of the composite materials. 
First, the simulation results showed the same pattern of moisture profiles within 
the two layers and were also in reasonable agreement with those by experiments as 
shown by Figure 6.5 in Chapter 6. In the transport from BCP-BUP, the moisture 
front reached the interface at ~ 100 minutes by simulation (also ~ 100 minutes by 
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Simulation of transport from UOP to MFP from 0 to 5600 minutes , 400 minutes time interval. 
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experiment), and the whole sample reached saturation at ~ 600 minutes by 
simulation(~ 800 minutes by experiments). In the transport from UOP to MFP, the 
moisture front reached the interface at the time of~ 1000 minutes by simulation ( ~ 
900 minutes by experiment), and the whole sample reached saturated at the time of 
~ 5600 minutes by simulation (~ 6400 minutes by experiments). In both samples, 
the time needed to reach saturation of whole samples from simulation is a bit 
shorter than that from experiments. This is possible because of the influence of the 
interface to moisture flow caused by contact problems between the two materials, 
slowing down the speed of movement of moisture profiles in the second layer. It is 
impossible to prepare the samples with perfect contact between two materials. 
Second, as indicated by the experimental results in the last chapter, the simulation 
results also strongly showed that the moisture transport properties of the first layer 
dominated the transport in the second layer and so dominated the whole transport 
processes within the composite when the moisture transfers from lower to higher 
sorptivity medias. The moisture content near the interface within the second layer 
increased slowly (this depends on the moisture profiles within the first layer). For 
the case with significant difference of sorptivities of two materials, as shown in the 
transport from UOP to MFP in Figure 7.8 (b), the moisture state in the second 
layer may reach equilibrium a very short time after the moisture front in the first 
layer reaches the interface. The equilibrium moisture content within the second 
layer increased (depending on the transfer rate of moisture of the first layer). 
Third, if the moisture transfers from lower to higher sorptivity materials, it will 
take a much longer time for the composites to reach saturation state than that when 
moisture transfers from higher to lower sorptivity materials. It was 3.64 times 
longer for the BCP - BUP composite and 3 times longer for the MFP - UOP 
composite when moisture transfers in opposite directions. This is understandable 
because the lower ability of the first layer to transfer moisture slowed down the 
moisture transfer rate for not only the first layer but also the second layer and so it 
takes a longer time to reach saturated state of the whole composite samples. This 
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property can be applied where considering moisture proofing in buildings with 
multi-layered construction walls. 
Compared with the results by SWF model mentioned in the beginning of this 
chapter, the simulation from diffusion equations in this chapter provided detailed 
description of transport processes within two-layered composites and made new 
predictions including moisture distribution, behaviour of moisture transport within 
the second layer and time taken to reach saturated state of whole samples. The 
SWF model can only provide average and qualitative predictions for the transport 
within two-layered composites. 
7.4 Conclusions 
The moisture transport processes within uniform one layer materials and two-
layered composites were successfully modelled and simulated based on extended 
Darcy's Law utilising finite element method and Matlab software package. From 
the simulation results and comparison with experimental results, some conclusions 
can be drawn: 
(1) The extended Darcy's Law with diffusivity functions obtained by numerical 
approximation from transient moisture profiles can successfully describe the water 
absorption processes within uniform materials and two-layered composite under 
the saturation boundary conditions. In ambient temperature, the temperature 
variation, evaporation of liquid water within materials and effects of gravity can be 
ignored in the investigation of transport processes within gypsum plaster materials. 
The transport processes within two-layered composites can be described by 
Darcy's Law and step functions of diffusivity for the two materials. The modelling 
and simulation based on diffusion equations showed great advantages over the 
tradition SWF models and provided further and new information about transport 
processes. 
(2) The polynomial format of diffusivity functions for gypsum type porous 
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materials were verified in simulating the transport within both uniform materials 
and two-layered composites. The procedure to determine the diffusivity functions 
from transient moisture profiles with numerical approximation of the dependence 
of diffusivity on moisture content and polynomial regression were proved 
successful. The exponential format of the diffusivity function, which is normally 
applied to other porous building materials (except gypsum plasters), was proved 
invalid for gypsum plaster materials. 
(3) The simulation for two-layered composites revealed important and interesting 
phenomena. The moisture transport behaviour depends highly on the moisture 
transfer directions. When the moisture transfers from lower to higher sorptivity 
materials, the transport within the second layer was controlled by the first layer. 
And the time taken to reach saturation state of the whole sample is much longer 
than that when the moisture transfers from higher to lower sorptivity materials. So 
it is important to consider the sequence of materials for multi-layered walls so as 
to provide better moisture proofing ability. The simulation results for two-layered 
moisture transport processes provided fundamental principles for this issue. 
(4) Through the verification of successful simulation results, it has been indicated 
that the application of normalised moisture content (NMC) is convenient, 
successful and effective in the formulation of mathematical models, simulation and 
determination of diffusivity functions. The introduction of NMC simplified the 
numerical solution procedure in which the differences in porosity (or saturated 
moisture content) of different materials in two-layered composites do not have to 
be specified in the simulation processes. The simulation results were in good 
agreement with experimental findings. 
The modelling and simulation of moisture transport processes through the 
numerical solution of non-linear partial differential equations showed a stronger 
power in describing the processes and predicting new phenomena than the 
simplified SWF model and provided more reliable results than using approximate 
constant diffusivity of materials. 
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CHAPTER 8 CONCLUSIONS AND FUTURE WORKS 
8.1 Conclusions 
The aims proposed in the first chapter for the project have been achieved through 
the completion of the research objectives in three main parts in the present thesis: 
(1) the characterisation of hydraulic transport parameters of gypsum materials 
(Chapter 3), (2) development of a purpose-built monitoring system for monitoring 
the moisture transport processes utilising pin-type sensor array (Chapters 4 and 5) 
and (3) Measurement and simulation of water absorption within uniform materials 
and two-layered composites (Chapter 6 and 7). 
The characterisation of transport parameters of typical commercial gypsum plaster 
materials was firstly carried out utilising standard measuring methods. This 
experimental investigation provided fundamental data including sorptivity, 
saturated conductivity and vapour permeability of gypsum with various new 
findings for material science and the building industry. The variation of the 
parameters for different types of plasters and the dependence on aggregates or 
additives were presented. The effect of wet-dry cycles showed abnormal 
phenomena in promoting some hydraulic parameters such as sorptivity. These 
parameters were of importance to the practical problems such as waterproofing, 
drying rate of internal walls and batTier ability of gypsum materials to air. For 
example, because of the increase of sorptivity caused by wet-dry cycles, it can be 
expected that the absorption rate will increase and the water absorption 
phenomena may become worse if the gypsum plaster layers experienced the first 
time wet and dried (such as in rain penetration of damp rising) . It was also 
emphasised that the transport parameters of gypsum type materials are highly 
dependent on the water/plaster ratios. This significantly affects the performance of 
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gypsum plaster layers on walls of buildings in waterproof or drying abilities. So it 
was recommended that the guided water/plaster ratio should be provided in 
commercial gypsum plaster products. 
In the second part of this thesis, the intense experimental investigations of the 
dielectric properties of gypsum materials including polarisation effect, 
temperature effects and dependence of resistance on time, spacing of electrodes 
and on moisture content of materials were first carried out as the basis or 
calibration for development of monitoring system for moisture transport. Then the 
pin-type resistance sensor was designed and the integrated monitoring system for 
transport processes was successfully developed based on sensor array. This part of 
the thesis provided a new monitoring system for the research of moisture transport 
processes in material science with the advantages of low cost, easy operation, 
friendly user interface and realised the real-time monitoring for the transport 
processes within 5 types of gypsum plasters and two-layered composites with an 
acceptable resolution. The compensation of polarisation and temperature effects 
were also considered. This system can be extended to monitor the water transport 
processes in other building materials after appropriate calibration and also can be 
applied to monitor the transport processes in 2 or 3 dimensions if a 2 or 3 
dimensional sensor array is embedded within materials. 
In the final part of the thesis, the experimental investigations of moisture transport 
processes within uniform materials and two-layered composites were completed 
and then the diffusivity functions for the 5 types of gypsum materials were 
determined by two different procedures including regression of master curves and 
numerical approximation with mathematical techniques from experimental 
transient moisture profiles. The non-exponential format diffusivity functions were 
determined for different materials. The diffusivity functions obtained were then 
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applied in modelling and simulation of transport processes within uniform and 
two-layered composites based on extended Darcy's Law. The simulation results 
for uniform materials showed good agreement with experimental results, both in 
moisture profiles and master curves, and proved successful using 41h order 
polynomial diffusivity functions by numerical approximation method for gypsum 
plaster materials. The experimental investigation and simulation for two-layered 
composites revealed the significant differences in saturation time and moisture 
profile patterns when moisture transfers along different directions and provided 
the useful procedure for dealing with transport problems within two or 
multi-layered composites by using step functions of diffusivity of involved 
materials. These results are important for understanding the mechanism of 
moisture transport processes within porous materials or composites and useful for 
practical application in considering the moisture proofing and thermal insulation 
of multi-layered walls in building industry. 
As the results of the research of this project, 5 academic papers were published 
during the course of the PhD study in the last three years (see Appendix A for the 
publication list). More journal papers are in preparation regarding the 
instrumentation of monitoring system, modelling and simulation etc. 
It can be mentioned that, the present thesis could not and did not provide the 
solutions of the practical problems such as mould growth, arguments between 
estate developer and tenants on the drying state standards of internal wall in 
building industry as mentioned in first chapter of the present thesis. But the 
outcomes of this project provided the basis for understanding the wetting 
mechanism and features within gypsum plaster materials and layered composites. 
For a full understanding for drying rate and mould growth, the drying processes 
through uniform materials and multi-layered composites, the adsorption and 
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sorption of vapour need to be investigated and simulated. Because of the time and 
space constraints, these investigations have not been done in the present thesis. 
Considering the outcomes and the research experiences of the present proj ect, 
several suggestions are recommended to the building industry in terms of material 
development, building design and maintenance: 
• The reference water/plaster ratio (w/p) should be stipulated by the 
manufacturers for building gypsum plaster products for field applications. 
This is because the w/p may significantly influence the moisture transport 
performance of the materials in such as damp-rising, rain penetration and 
vapour transmittance through walls. 
• The use of coarse aggregates (e.g. perlite) in the plaster mixture may 
significantly reduce the absorption rate and permeability of water vapour, 
or increase the capability of waterproofing of plaster materials. This result 
is useful in developing new plaster materials with better moisture 
resistance and physical appearance for gypsum manufacturers. 
• When multi-layered composite walls are required in building design, it is 
recommended to have sequential layers from lower to higher sorptivity in 
the direction defined towards the inside of the buildings. Such a structure, 
as described in Chapter 7, can provide higher resistance to external water 
source such as rain and rising damp and can provide relatively quick 
drying rate. This feature would be extremely useful in the UK because of 
frequent precipitation. Because of low moisture content within walls in 
service, the recommended structure would also provides higher thermal 
insulation and so saves energy. 
8.2 Recommendations for future work 
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It should be emphasised that the study of this project covered a wide range of 
disciplines because of the complexity of transport problems and so many of the 
research objectives could be further refined or generalised. The main 
recommendations include: 
(1) Further improvement can be made to the moisture monitoring system. This 
includes the automatic compensation of temperature effect by embedding 
temperature sensor within the materials, automatic program controls of 
measurement time interval of moisture profiles by utilising a better data 
acquisition card with analogue output. At this stage, both of the functions were 
realised by inputting the temperature values on the control panel or adjusting the 
output time period of the square wave from the power supply. 
(2) Further experimental investigation and simulation of transport processes may 
be studied for gypsum plaster materials, especially two-layered composites. 
These include the moisture transport at elevated temperatures and with 
temperature differences on both sides of materials utilising moisture content 
dependent diffusivity functions. Moisture transport within building walls with 
temperature differences between internal and external surfaces are practical 
examples of this type of transport processes. At elevated temperatures, the 
diffusion of the liquid water and water vapour exist simultaneously and the 
diffusivity function should include both water vapour and liquid water. As a result, 
the coupled mass and heat transport within the materials will happen. Although 
more complex, the research of coupled mass and heat transport may produce 
results closer to real environments. This should yield useful results such as 
moisture and temperature distribution within walls, the transmittance of heat and 
moisture through the wall, and should be able to predict possible condensation 
within cavity walls in modern houses. 
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Appendix B 
SEM images of three types of gypsum plasters and fired clay brick 
The images were produced using SEM facilities (ISA lOOA Machine) in The 
University of Luton. Different magnifications were applied to investigate the 
microstructure of porous gypsum plaster materials at different level of scales. The 
images indicate needle-like crystals, pores and solid texture within materials. A kind 
of cell-like structure in universal one-coat plasters was observed. This special 
structure is a significant difference of universal plaster from other types of materials. 
The pictures here attached below are for three gypsum plasters and a type of fired clay 
brick. They are: 
Thistle bonding coat plaster 
Thistle universal one-coat plaster 
Thistle multifinish plaster 
Fired clay plaster 
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1. Universal one-coat plaster 
(I) x?O (2) x?O 
(3) x250 (4) x250 
(3) x250 (4) xsoo 
235 
(&)x 1000 (8) X 1000 
(9) x2500 (10) x2500 
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2. Bonding coat plaster 
(I) x?O (2) x?O 
(3) x250 (4) X250 
(5) xlOOO (6) x]OOO 
(7) x2500 (8) x2500 
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3. Multifinish plaster 
(1) x?O (2) x?O 
(3) x250 (4) x250 
(5) xtOOO (6) xtOOO 
(8) x2500 (8) x2500 
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4. Fired clay brick 
(1) x70 (2) x70 
(3) x250 (4) x250 
(5)x1000 (6) X 1000 
(7) x2500 (8) x2500 
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Appendix C 
Specifications of DAQ card used in the monitoring system 
MAKE AND MODEL 
ANALOG INPUT 
AID converter type 
Resolution 
Number of channels 
Input range 
AID pacing 
Data transfer 
AID conversion time 
Sampling rate 
Accuracy 
No missing codes guaranteed 
Gain drift 
Zero drift 
Common mode range 
Input leakage current (at 25 o C) 
Omega Engineering Inc 
CIO-DAS48-PGA 
AD547 
12 bits 
48 single ended or 24 differential 
+IOV, +5V, +2.5V, +1.25, +0.625V, 
0 to lOY, 0 to 5V, 0 to 2.5V, 0 to 1.25V 
software selectable 
Software polled 
Software polled 
25 ll s 
20kHz, PC dependent 
+0.01% of reading + 1 LSB 
12 bits 
+25pprn!'C 
+lOll VfC 
+tov 
lOOnA 
Absolute maximum input voltage + 35V 
ENVIRONMENTAL 
Operating temperature range 
Storage temperature range 
Humidity 
0 to 50 o C 
-20 to 70 o C 
0 to 95% non-condensing 
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Appendix D 
Residual voltage of plaster materials in polarization Process 
1. Bonding coat plaster at MC=l1.43% 
U-Ur Relation of bonding coat plaster 
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2 Browning undercoat plaster at 22.18% 
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3. Multifmish plaster at 11. 96% 
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5. Universal one coat plaster at MC =12% 
U-Ur of universal one coat plaster at 12% 
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Appendix£ 
BCP 
MFP 
The time and electrode spacing dependence of gypsum plaster materials 
100 
90 
80 
E 70 
.c 60 
0 
<!!: 50 
8 40 c 
nl 30 u; 
·u; 
Q) 20 
a:: 10 
0 
LowMC 
R-lstance~ dejMnc:lence at dlf're,.nt electrod-paclng In 
BOP at MC-4.02% 
- smm I ,. ,.: _.- _: .... - ··.:;::J,(;~ _ -, ·l - 1omm 
15mm 
·- • - 20mm 
0 20 40 60 80 100 120 140 
Time I second 
Resis1ance-time dependence at different electrode-spacing in 
MFP at MC=6.92% 
30 
25 
"E 8 20 
~ g 15 
~ 
-~ 10 
0::: 
5 
0 
0 20 40 60 80 100 120 140 
Tomelsecond 
E 
.c 
0 
~ 
c: 
nl 
iii ·u; 
Q) 
a:: 
14 
60 
50 
40 
30 
20 
10 
0 
HighMC 
Reslsta~me dependence atdlf're,.nt electrocte.paclng In 
BOP at MC=11.36% 
0 50 100 
Time/ Second 
150 
- 5mm 
- 10mm 
15mm 
- 20mm 
- 25mm 
200 
Resistance-time dependence at different electrode·spacing in 
MFP at MC=13.55% 
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Appendix E (continued) 
120 
100 
E 
.s::; 
0 80 
POP 
~ 
Q; 
0 60 c 
~ ·u; 
40 Cl) 
a::: 
20 
0 
80 
70 
60 
E' 
<5 50 
-"" 
UOP --... e 4o c: s 
~ 30 
£ 
20 
10 
0 
0 
0 
Time dependence of resistance on time at different 
electrode-spacing in POP at MC=8.7% 
20 40 60 80 
Tims/ second 
Resistance-ti•e dependence at. d ifferent electrode- spci ng i n 
UOP at MC--9. 45" 
20 40 60 
Ti•c/ second 
80 100 
100 
120 
Resistance-time dependence at different electrode-spacing in 
POP at MC=24.95% 
14 -. 
121 d),~ 
8 10 I 
~ 8 
8 
c ~ 6 l:±::iii~i~IJ.i!ll!liili 
~ 
0 
16 
14 
E 12 
.s::; 
0 
~ 
10 
0 8 c 
J!l 
"' 
6 ·u; 
Cl) 
a:: 
. 
2 
10 20 30 40 50 60 70 
Time/second 
Resistance-time dependence at different electrode-spacing in 
UOP atMC=2122% 
I .= · ... C/\~e-:~·· ~, -·~···t.-. 2:.-;.~ &..:·· .. ~. 1- s-···. ,_. ·... - 10•• 
10 20 30 40 50 
Time/second 
60 
lS.• 
- 2011· 
- 2511• 
70 80 
80 
N 
~ 
0\ 
Appendix E (continued) 
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Appendix F 
The temperature effects on the resistance of gypsum materials 
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Appendix F (continued) 
Temperature effects resistance 
of multifinish plaster at about MC=12.54% 
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Appendix F (continued) 
Temperatue effect on resistance of Universal one coat plaster 
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Appendix G 
Resistance- moisture content dependences of gypsum plasters 
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Appendix G (continued) 
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